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FOREWORD 


A  Pulse  Compression  Symposium  sponsored  by  the  Rome  Air  Development  Center 
was  held  on  2$  ana  26  June  19^7.  Approximately  200  persons  from  various  commer¬ 
cial,  educational  and  government  agencies  attended  this  Symposium  for  the  exchange 
of  information  concerning  recent  developments  in  this  field.  This  technique  offers 
considerable  promise  in  advancing  the  state-of-the-art  in  radar  and  communications. 
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WAVEFORM  DESIGN  CONSIDERATIONS 

.* 

Introduction 

Our  radar  defenses  are  faced  with  the  problem  of  survival  in  an  environment 
which  becomes  continually  more  demanding.  To  detect,  track,  and  provide  accurate 
guidance  against  such  targets  as  supersonic  aircraft  or  hypersonic  missiles  calls 
for  continual  improvements  in  detection  reliability,  in  the  resolution  and  accuracy 
of  measurement  of  all  target,  coordinates,  and  in  data  rate.  Furthermore*  such  improve¬ 
ments  must  be  achieved  in  the  face  of  countermeasures  which  have  considerable  natural 
advantage  over  the  radar,  in  brute  force  if  not  in  sophistication.  To  cope  with  these 
toughening  requirements,  there  has  been  a  continuing  effort  to  improve  radar  performance 
through  the  development  of  higher  gain  antennas,  higher  power  transmitters,  more 
sensitive  receivers,  and  more  complicated  signal  processing.  Until  recent  work  by 
Woodward^,  Elspas^,  Siebert^,  and  others,  however,  little  attention  has  been  paid  to 
a  factor  which  puts  basic  limitations  on  performance— the  radar  waveform  itself. 

The  limitations  imposed  by  the  radar  waveform  are  well  known.  Detection 
reliability  or  maximum  range  is  limitated  by  the  total  energy  of  the  signal,  range 
resolution  by  its  bandwidth,  and  velocity  resolution  by  its  time  duration.  Taking 
the  product  of  these  three  factors  as  a  crude  figure  of  merit  for  the  radar  waveform, 
we  see  that  the  simple  radar  pulse  is  something  of  a  bottleneck.  For  one  tiling,  its 
bandwidth- time  product  is  always  unity.  For  another,  where  the  transmitted  signal  is 
peak  power  limited  its  total  energy  is  proportional  to  duration,  inversely  proportional 
to  bandwidth.  The  designer,  then,  is  always  forced  to  compromise  between  maximum 
range  and  velocity  resolution,  on  one  hand,  and  range  resolution  on  the  other.  (The 
velocity  resolution  referred  to  here  is  that  achievable  on  a  single-pulse  basis. 
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Where  velocity  measurement  or  clutter  discrimination  may  be  performed  on  a  pulse- 
' train  basis,  as  in  normal  MT,  this  is  not  a  limiting  factor .  However,  in  many 
applications  involving  high-velocity  targets,  long  ranges,  or  high  carrier  frequencies, 
such  discrimination  may  be  effectively  performed  only  on  a  single-pulse  basis.) 

The  target  information  obtainable  with  the  normal  pulse  is  restricted  because  it 
is  such  a  simple  waveform.  Simple  questions  e.licit  simple  answers.  It  seems  apparent 

that  to  obtain  more  information  we  must  ask  more  sophisticated  questions,  by  transmitting 

.  .  ■■  i;f-  v!;./  ' 

long,  coded  wavefoma  having  a  large  extent  in  both  the  time  and  the  frequency  domains. 

7  i  >  r-'""' 

Various  codes  used  with  various  typcc  of  modulation  might  be  employed  to  produce,  wave- 

;  ■ '  i  I  ‘  !  7  . 

forms  having  large  bandwidth-time  products.  However,  while  a  large  energy -bandwidth¬ 
time  product  is  necessary  for  improved  performance,  it  is  not  sufficient  to  guarantee  it. 
Two  problems  must  be  solved.  First,  a  waveform  capable  of  providing  the  required 

ran>r'i  and  velocity  resolution  must  be  chosen.  This  i«  o.  design  problem  as  fundamental 

*  -If 

to  the  design  of  the  radar  system  as  the  choice  of  the  antenna.  Then,  a  feasible  means 
of  processing  must  be  found  to  encode  the  signal  and  decode  it  in  a  manner  that  extracts 
all  the  information  it  contains. 


The  Matched  Filter  Approach 


A  radar  is  usually  required  to  obtain  its  target  information  under  adverse 
conditions,  in  the  presence  of  noise,  countermeasures,  or  multiple  targets.  Optimum 
detection  of  the  signal  under  such  conditions  requires  receiver  filtering  wnich  Is 
matched  to  the  radiated  signal.  It  is  well  known,  for  example,  that  with  a  normal 
Dulse  XF  bandwidth  should  be  matched  to  pulse  length  for  best  noise  performance. 
Figure  1  illustrates  one  type  of  matched  filter  system  in  which  linear  filters  are 
used  both  to  encode  and  decode  a  coded  pulse  signal. 

To  form  the  coded  signal,  a  narrow  RF  pulse  is  supplied  to  the  encoding  filter. 

A r': "T iT?*n  r» r *  +  •>  TVTM1+.  mil  t.^urr!  t.n  np  fl  at.  anH  1  i  near  nknco  tho  r-  rsH or}  d  wcl 
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nay  be  represented  by  th^time  response  h(t)  of  the  coding  filter,  or  its  frequency 
response  H(f).  The  coding  filter  cannot,  of  course,  increase  the  bandwidth  of  the 
input  spectrum — all  it  can  do  ii  re-arrange  it — so  the  coded  signal  bandwidth  is  the 
same  as  that  of  the  input  pulse.  The  number  and  type  of  coded  signals  that  can  be 
produced  in  this  way  are  limited  mainly  by  the  patience  of  the  filter  designer.  I«ong, 
phase  modulated  pulses,  pulses  with  linear  frequency  modulation,  even  sinusoidal  FM 
signals  could  be  produced  by  the  proper  re-arrangement  of  the  impulse  spectrum. 

The  coded  signal  return  from  a  target  is  supplied  to  the  matched  decoding  filter. 

As  shown  by  North,  the  requirement  on  this  filter  is  simply  that  it  have  a  frequency 
response  which  is  the  complex  conjugate  of  the  signal  (or  the  encoding  filter).  The 
matched  filter  characteristic  then  is  H  (f).  Its  amplitude  response  is  identical  to 
that  of  the  encoding  filter,  while  its  phase  or  time  delay  characteristic  is  the  mirror 
image.  This  seems  reasonable — if  the  encoding  filter  has  a  time  delay  characteristic 
which  disperse??  the  origins'  puitm,  Urn  matched  decoding  filter  should  have  identical 
negative  delay  variations  to  gather  it  back  together.  If  the  encoding  filter  emphasized 
one  part  of  the  spectrum  more  than  another,  the  matched  filter  should  recognize  this 
by  weighting  the  strong  part  of  the  signal  return  more  heavily  than  the  weaker^  noisier 
part. 

The  output  of  the  matched  filter  is  the  product  of  the  signal  spectrum  H(f )  by 
its  own  frequency  response  H*(f).  In  the  time  domain,  the  output  is  given  by  the 
convolution  of  the  signal  with  the  impulse  response  of  Idle  matched  filter. 


A  (r)  =  (k(i)Wut?)  dt 


(i) 


Note  that  this  output  is  not  in  general  the  original  input  pulse.  Instead  it 
can  be  recognized  as  the  autocorrelation  function  of  the  coded  signal  h(t).  (It  will, 
of  course,  be  shifted  to  a  time  corresponding  to  target  range.)  Therefore,  we  can  say 
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that  the  matched  filter  cross-corr elates  the  signal  re  turn  against  the  transmitted 
signal  waveform,  and  for  good  range  resolution  the  coded  signal,  h(t),  should  be  one 
having  a  sharp  autocorrelation  function  in  time,  with  a  minimum  of  "side  lobes". 

y 

Since  the  minimum  effective  time  duration  of  the  autocorrelation  function  is  the 
inverse  of  the  bandwidth  of  the  coded  signal,  it  is  bandwidth,  as  stated,  which  limit' 
range  resolution. 

The  signal-to-noise  ratio  at  the  matched  filter  output  has  been  shown  by  North 


to  be. 


s/n 


where  E  is  total  energy  in  the  coded  signal  return,  and  N  is  the  average  noise 

8  0 

power  per  cycle  of  bandwidth* 

4  >la.w  c iA|a  UOxAUii  xCduJ  w wety  Xii  oOi  (Ii)  UWitvxuOj.Uwy*  a  xi  u  w j  Wt  »UOj  Xlivi  t/CC«JO  VuO 

range-velocity  resolution  of  the  signal  to  any  desired  extent  without  affecting  its 
detectability,  which  depends  only  on  its  total  energy.  Second,  as  the  time-bandwidth 


pro auc t  of  the  coded  signal  is  increased,  its  vulnerability  to 


decreases .  Eor 


example,  assume  that  the  noise  power  Nq  is  produced  by  a  jammer  which  matches  the 
bandwidth  (W)  and  duration  (T)  of  the  coded  pulse.  The  total  jammer  energy  competing 
with  the  coded  pulse  is  then  E;  -  M0  V/  T  watt-seconds  and  Eq,  (2)  /day  be  re-written 


s/n  = 


If  the  duration  of  the  coded  pulse  is  fifty  times  that  of  the  original  impulse 
(but  total  energy  is  the  same)  it  will  require  fifty  times  as  much  energy,  on  the 
to  jam  it  with  a  jamming  signal  that  has  the  correct  duration  uno  n«rgy 
spectrum  but  is  unmatched  to  the  coded  signal. 
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Velocity  Resolution 
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If  the  coded  signal  ret\irn  has  suffered  a  doppler  shift  due  to  target  velocity, 
the  decoding  filter  must  be  shifted  in  frequency  by  the  same  amount,  in  order  to  match 
the  shifted  signal.  When  a  range  of  doppler  frequencies  is  expected,  a  single  filter 
is  not  enough.  A  bank  of  matched  filters  (or  the  equivalent)  must  be  provided,  one 
filter  for  each  doppler  frequency  of  interest. 

The  overall  response  of  such  a  filter  bank  to  a  signal  may  be  explored  by  consider¬ 
ing  what  happens  when  a  coded  signal  is  supplied  to  a  matched  filter  tuned  off  by  the 
difference  frequency  0.  Let  the  signal  still  be  expressed  as  H(f).  Then,  instead  of 
H*(f),  the  matched  filter  frequency  respouoc  wjl.j.1  d©  H*(f*0),  and  instead  of  h*(t) 
its  impulse  response  is  h*(t)  Yr^t.  As  before,  the  filter  output  is  the  convolution 
of  the  signal  with  the  impulse  response  of  the  filter,  or 


ACT.ft.Jhfah-d+T:)  a) 

Since  tills  io  a  funeulon  of  both  range  (  ZT)  and  velocity  (0),  it  may  be- called 
the  combined  autocorrelation  function  of  the  signal.  The  behavior  of  this  function, 
as  the  relative  frequency  shift  is  varied,  is  what  determines  the  velocity  resolution 
capability  of  the  signal. 

This  point  is  illustrated  in  Figure  2.  Here,  the  signal  is  assumed  to  be  a 
simple  rectangular  pulse  .  '  ■ 'ation  T,  having  a  sin  x/x  spectr  m  whose  zeros  are 

spaced  at  intervals  of  i/T  cycles  apart.  The  filter  bank  is  assumed  to  have  filters 
spaced  by  1/2T  cycles.  The  bottom  filter  is  tuned  to  the  center  frequency  of  the 
pulse,  so  it  gjves  the  correct  output,  the  triangular  waveform  which  is  the  auto¬ 
correlation  function  of  the  square  pulse.  The  next  filter,  tuned  below  (or  above) 


in  signal  frequency  by  1/2T  cycles,  yields  a  rounded  pulse  ,:ho >•«  peak  is  0.6  that  of 
correct  response.  In  the  pr scene  >  of  noise,  tills  difference  might  be  .lust 
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JU CLASSIFIED 


UHCLA3SIPIR& 

perceptible,  so  the  doppler  resolution  *ould  be  l/T  cycles,  the  spacing  between  the 
two  filters  whose  response  is  perceptibly  different  from  the  correct  response.  As 
shown  in  Figure  2,  the  response  of  the  matched  filters  tuned  further  from  the  signal 
frequency  become  successively  smaller • 

Signal  Ambiguity  Function 


Since  the  structure  of  each  matched  filter  is  completely  determined  by  the  coded 
signal,  the  response  of  each  filter  to  a  valid  echo  depends  only  upon  the  form  of  the 
coded  signal.  The  time  variations  of  the  response  from  a  single  filter  indicates  its 
range  resolution,  and  the  variation  in  the  response  with  frequency,  (that  is,  from  one 
filter  to  the  next)  indicates  its  doppler  resolution.  To  get  a  visual  picture  of  the 
quality  of  the  signal,  then,  we  might  construct  the  surface  shown  in  Figure  3,  in 
which  the  matched  filter  responses  are  plotted  vertically  on  a  base  plane  having  range 
or  time  as  one  ax±3  and  velocity  or  doppler  shift  as  the  other.  The  filter  bank  of 
Figure  2,  of  course,  provides  only  the  contours  of  the  surface  at  the  fixed  doppler 
„„  +£  which  the  filters  are  tuned.  The  complete  surface  would  be  described 


by  observing  the  time  response  of  a  single  matched  filter  as  it  is  slowly  tuned  past  a 
coded  signal  of  fixed  frequency  (or  as  the  signal  is  tuned  past  a  fixed  filter). 

Tnese  time  responses  may  be  obtained  analytically  by  evaluating  Eq.  (U)  for 
A(T,  0),  using  a  number  of  different  values  for  the  frequency  shift  0.  Where  the 
signal  is  more  conveniently  expressed  in  terms  of  its  frequency  spectrum,  the 
equivalent  form, 


A(r,  p)  « f  H'GO  H (i t  (j>)  e-'iZX!,Zd6  IS) 

may  be  used. 

Either  Eq.  (U)  or  Eq.  (£)j  then,  provides  a  complete  description  of  the  ambiguity 
function  for  a  coded  signal.  The  contours  of  this  function  parallel  to  the  range-time 
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axis  represent  the  time  response  of^a  matched  filter  to  the  signal,  the  time  auto¬ 
correlation  function  of  the  signal  for  any  given  value  of  frequency  difference,  0. 
Contours  taken  parallel  to  the  velocity-frequency  axis  represent  the  frequency  auto¬ 
correlation  function  of  the  signal  at  a  given  -value  of  time. 

if 

Since  it  is  the  result  of  complete  matched  filter  processing  of  the  signal  return, 

this  ambiguity  function  represents  all  the  information  that  the  radar  signal  contains 

regarding  target  range  and  velocity.  It  provides  a  measure  of  the  ability  of  the 

radar  to  resolve  targets  in  these  dimensions,  in  exactly  the  same  way  that  the  antenna 

pattern  indicates  its  ability  to  receive  targets  in  azimuth  and  elevation.  If.  for 

example,  a  pencil  beam  antenna  explores  a  point  target  in  space,  the  shape  of  the 

target  revealed  on  an  azimuth  vs,  elevation  plot  is  not  the  point  target,  but  the  shape 

of  the  exploring  beam.  Two  targets  will  be  resolved  only  if  they  ere  separated  by 

more  than  one  beam  width.  Similarly,  when  we  radiate  a  signal  to  explore  the  two- 

dimensional  (range-velocity)  target  distribution  along  s  given  line  of  sight,  two 

targets  will  be  resolved  only  if  their  combined  range-velocity  separation  exceeds  the 

"becuuwiuth"  of  the  signal  ambiguity  function.  Ac  «ith  the  antenna  pattern,  accuracy 

in  locating  a  single  target  may  be  improved  to  any  desired  extent  with  sufficiently 

high  signal-to-noise  ratio,.  This  simply  amounts  to  measuring  the  location  of  the 

peak  of  the  amoxguxty  function  b.y  leeluiiques  similar,  GSj  ,  uC  mcncpulcc  antcrr.a 

techniques.  Where  targets  are  to  be  detected  in  the  presence  of  noise,  jamming,  or 

background  clutter,  however,  it  is  resolution  or  beamwidth  that  counts.  Because  such 

signals  lack  coherence  they  will  tend  to  sum  power-wise  rather  than  voltage-wise,  so 

i>,.o  amriiuiiii-.v  function  should  he  as  the  power  distribution.  F/A  ('£' 

i_  j 

in  determining  resolution. 

Superficially,  at  least,  the  antenna  analogy  may  be  carried  somewhat  further. 

Th°  ambiguity  function  has  been  compared  to  the  far  field  pattern  of  an  antenna.  A 
similar  comparison  might  be  made  between  the  time-frequency  structure  of  the  coded 
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signal  and  the  aperture  llluminalion^f unction  of  the  antenna.  And  between  the  tine, 
bandwidth  product  of  the  signal  and  the  dimensions  of  the  aperture.  The  analogy  j.* 
not  exact,  of  course,  but  may  be  helpful  in  conveying  a  feeling  for  the  problem. 


The  foregoing  discussion  leads  to  the  conclusion  that  the  radar  signal  should  oe 
designed  to  provide  the  desired  range-velocity  resolution,  just  as  the  antenna  is - 
designed  to  provide  spatial  resolution.  Unfortunately,  signal  design  does  not  appear 
to  be  as  straight-forward  a  process  as  antenna  design.  In  specifying  the  ambiguity 
function,  for  couple,  it  appears  unat  selecting  a  single  contour  puts  severe  restrictions 
on  the  entire  function.  And  when  the  time  waveform  of  the  signal  is  chosen,  itr. 
frequency  spectrum  is,  of  course,  determined.  At  present,  selection  of  the  ".ideal 
waveform  requires  some  intuitive  reasoning  based  on  certain  ground  rules,  whic.i.  may 
be  determined  by  examining  ttie  properties  of  Eas.  (ii)  and  (Os 

(1)  Range  resolution  is  largely  determined  by  the  frequency  structure, 
doppler  resolution  by  the  time  structure  of  the  signal. 

(2)  For  a  sj-gnal  duration  of  T  seconds,  best  doppler  resolution  is  l/T 
cycles;  for  a  bandwidth  of  W  cycles,  best  range  resolution  is  l/V 
seconds.  This  is  illustrated  in  Figure  Ua  which  shows  ambiguity 


function  contours  for  a  long  and  short  pulse. 

(3)  For  a  given  duration,  best  doppler  resolution  is  obtained  with  a 

signal  which  is  flat  in  time.  For  a  given  bandwidth,  sharpest  range 
resolution  requires  a  signal  flat  in  frequency.  This  favors  the  use 
... f  various  types  of  ohar.c  sw  d'.'l  at.-,  on.  A  nearxy  ’-deal  waveform  wouiu 
be  clipped  white  noise,  whose  ambiguity  contour  is  shown  in  Figure  lib. 
Unfortunately,  such  a  signal  must  contain  a  statistically  large  number 
cf  3 ndepedent  samples  to  give  a  satisfactory  approach  to  the  ideal, 
hatched  filter  processing  equipment  for  such  signals  tends  to  get  out 


of  hand- 
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(U)  The  power  ambiguity  function,  when  normalized  with  respect  to 

total  signal  energy,  has  a  peak  value  of  unity  and  unit  total  volume. 

The  height  and  total  volume  of  the  ambiguity  function  for  an  ideal 
coded  signal  is  therefore  the  same  as  for  the  simple  pulse.  However, 
while  the  pulse  function  is  a  relatively  simple  main  lobe  of  unit 
height,  2T  seconds  total  length  and  2W  cycles  wirch,  the  "ideal"  signal 
function  will  be  a  sharp  central,  spike  of  unit  height,  l/W  seconds 
length  and  l/T  cycles  width,  surrounded  by  low  skirts  extending  out  of 
the  limits  of  2T  >:sc  inds  and  2W  cycles.  As  the  time -bandwidth  product 
of  the  coded  signal  is  increased  from  its  value  of  unity  for  a  simple 
pulse,  then,  more  and  more  of  the  total  volume  is  represented  by  the 
low  extended  skirts  cf  the  ambiguity  function,  and  less  and  less  by  the 
central  spike.  Under  unfavorable  conditions,  this  may  lead  to  a 
reduction  in  "contrast"  between  a  target  and  its  surroundings,  since 
nearby  targets  will  contribute  their  skirt  responses  to  hide  the  desired 
target.  At  worst,  when  the  entire  skirt  area  (2T,  2VT)  surrounding  a 
target  is  solidly  filled,  both  in  range  and  velocity,  by  clutter,  the 
coded  signal  will  give  results  no  better  than  a  simple  pulse.  (This 
is  not  a  weakness  against  jamming  since  for  a  jammer  to  fill  this  area 
solidly  would  require  a  1 arge  increase  in  its  energy.)  Usually,  the 
clutter  will  occupy  a  small  fraction  of  the  skirt  area,  and  performance 
will  be  better  than  the  simple  pulse  performance  by  a  factor  dependent 
on  the  bandwidth  of  the  coded  signal. 

This  situation  suggests  a  more  "ideal"  signal  than  the  e Tinned 
noise.  As  shown  in  Figure  Uc,  when  a  signal  is  repetitive  in  time  or 
frequency,  its  ambiguity  function  also  becomes  repetitive.  The  case 
illustrated  is  a  train  of  short  p’fLses.  where  the  "side-lobes"  represent 
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the  well  known  blind  speed  and  sec ond-time -around  responses, 
normal  blind  speeds  tend  to  fall  in  the  velocity  range  of  interest, 
the  proper  use  of  repetition  in  the  signal  code  may  allow  us  to  push 
these  skirt  responses  outside  this  range,  thereby  allowing  increased 
resolution  without  introducing  harmful  skirt  response.  This  is 
illustrated  in  Figure  lid. 

Dispersed  Impulse  Coding 

Figure  5  shows  two  examples  of  a  type  of  signal  coding  which  offers  interesting 
possibilities.  Beth  are  generated  by  dispersing  a  narrow  impulse  having  a  flat 
spectrum  sharply  cut  off  at  the  edges  of  the  desired  band.  The  flat  spectrum  is  used 
to  provide  the  best  possible  range  resolution  for  a  given  bandwidth . 

lanearly  Dispersed  Impulse  -  To  produce  this  signal,  the  impulse  is  passed 
through  a  filter  having  a  square-law  phase  or  linear  time  delay  vs.  frequency 
characteristic.  Since  the  high  frequencies  are  delayed  more  than  the  lows,  the 
result  is  an  extended  pulse  with  ?  duration  roughly  equal  to  the  maximum  delay 
difference  of  the  filter,  and  a  linear  frequency  modulation. 

The  ambiguity  function  for  this  signal  (Figure  5a)  indicates  that  while  it 
offers  some  of  the  advantages  of  pulse  coding,  it  does  not  approach  the  ideal 
in  range-velocity  resolution.  Its  ambiguity  contour  resembles  that  of  the 
short  pulse,  except  that  its  long  dimension  lies  along  a  diagonal  in  the  range- 
velocity  plane.  Targets  whose  range-velocity  separation  lies  along  this  diagonal 
line  will  oe  poorly  resolved,  for  single  targets  and  high  signal-to-noise 
conditions,  the  accuracy  of  measurement  of  range  and  velocity  may  be  improved  by 
using  dispersion  of  opposite  sign  on  successive  transmissions. 
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Sinusoidally  Dispersed  Impulse  -  This  signal  is  produced  by  passing  the  impulse 
through  a  filter  having  a  sinusoidal  time  delay  characteristic.  The  result  is 

•  .  v\  .  v-  ■  . 

,  \  • 

like  an  extended  pulse  containing  one  cycle  of  sinusoidal. FM,  except  that  the 

*  " 

waveform  corresponds  to  the  spectrum  of  normal  FM,  and  the  spectrum  to  the 
time  waveform.  The  ambiguity  function  for  this  signal,  shown  in  Figure  5>b, 
indicates  a  combined  range-velocity  resolution  which  is  not  far  from  ideal.  Under 
certain  conditions,  more  than  one  cycle  of  ^FM". could  be  used  to  yield  greater 
feeplutipn  at  the  expense  of  "side-lobe"  responses  lying  outside  the  velocity 
range  of  interest. 

Neither  of  these  signals  are  ideal  in  the  sense  of  having  a  -flat  time  wave- 
form  which  would  allow  limiting  without  some  loss  of  information,  but  both  may 
be  regarded  as  an  interesting  base  of  operations  for  further  exploration. 

Matched  Filter  Equipment 

'  ■■  ■  £  "  •  :  ■'  !  '■■*!%  ■  ■  '  "  •  ■.  .  ;  '  ••  ••  .  i  •  ;  ■  ■  -1 

Whan  and  if  the  ideal  coded  signal  for  a  given  application  is  found,  it  will  be 
useless  unless  a  practicable  means  exists  for  processing  it  to  extract  all  the 
information  it  contains  regarding  target  range  and  velocity.  As  suggested  in  Figures 
1  and  2,  one  such  means  is  a  bank  of  matched  filters,  with  each  filter  tuned  to  a 
different  velocity.  It  is  not  necessary,  in  this  scheme,  to  completely  duplicate  the 
complex  matched  filter  struct\ire  for  each  velocity — much  of  the  structure  may  be 
common  to  all.  The  system  output  appears  in  a  number  of  parallel  velocity  channols, 
requiring  separate  detectors  for  each  channel,  or  some  means  of  combining  the  outputs 
that  retains  velocity  information  and  does  not  involve  n  penalty  in  S/N  performance. 

One  such  means  would  be  a  sampler  which  rapidly  scans  the  outputs  of  the  matched 
filter  bank.  Providing  that  a  complete  velocity  scan  occurs  in  a  time  equal  to  or 
less  than  one  range  resolution  cel]  (the  inverse  of  signal  bandwidth),  no  information 
is  lost  in  the  sampling  process.  Range  of  a  target  is  indicated  by  the  scan  on  which 
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its  peak  occurs,  wliile  its  velocity  it,  giv-n  by  the  location  of  .its  peak  inside  that 

i  ‘ 

scanning  interval .  The  sailor  output  might  be  regarded  as  the  Result  of  a  television- 

ii 

:  i 

raster  scan  of  the  riinga-velocity  plane,  Displayed  nn  video  on  i»n  orthogonal  range- 
velooity  scan,  this  Output  will  generate  a  brightness  image  of  the  range  velocity  plane, 
showing  target  ambiguity  fUnct.t  nns  in  their  proper  locations. 

I,  .. 

Conclusions  .  j 

The  considerable  recent  Interest  in  coded  signals  for  radar  is  seen  to  be  solidly 
based  on  a  number  of  potential  advantages? 

Madn-ja  Range  -  Signal  detectability  or  maxima  range  depends  only  on  total 
signal  energy.  While  the  coded  signal  does  not  off or  a  fundamental  advantage 
over  the  simple  pulse,  its  lower  peek  power  may  be  of  practical  advantage. 

oumbiiutu  ii@solul.xaii  -  biu.iKe  tnu  simple  pulse,  ciie  ocxieu  Biyi&i  allows 
independent  control  of  range  and  velocity  resolutions.  The  combined  resolution 
figure  of  merit  for  any  signal  is  tia  time -bandwidth  product,  ror  the  simple 
pulse,  this  product  is  unity,  but  with  coded  signal,.,  product"  in  tne  order  of 
100  are  within  the  realm  of  possibility. 

Sub  ClutUor  Visibility  -  The  improved  resolution  of  the  coded  signal  may  be 
used  to  obtain  improved  sub^ilutter  visibility.  It  is  difficult  to  state  a  general 
figure  of  merit,  because  each  different  target-clutter  environment  implies  a 
different  criterion  for  the  design  of  the  coded  signal.  The  t,igr,al  design  should 
ensure  that  the  clutter  ambiguity  function  ia  very  low  in  the  velocity  range 
occupied  by  targeta. 

Anti-Jam  Capability  -  A  figure  of  merit  indicating  the  AJ  capability  of  a 
signal  is  itB  energy- time-bandwidth  product.  Again,  the  coded  signal  may  have  a 
i izurc  of  merit  as  much  ac  1)0  times  ttat  of  a  simple  pulse,  for  6^usl  energy. 

This  figure  of  merit  is  »  measure  either  ol‘  tne  increased  energy  required  in  a 

-  12  - 

MUSSffttB 


’UNCLASSIFIED 

simple  jammer,  or  the  increased  complexity  of  a  sophisticated  jammer  which 
determines  and  matches  the  signal  code.  Hatched  deceptive  jamming  may,  of  course, 
be  countered  by  changing  the  code  from  pulse  to  pulse. 

fhese  potential  advantages  depend  on  the  ability  to  design  an  ideal  signal 

k 

waveform  for  a  given  environment.  Work  in  this  direction  seems  quite  promising. 
Processing  equipment  for  coded  signals  also  seems  to  be  within  the  reach  of 
present  techniques.  While  this  equipment  is  undeniably  complex,  it  produces 
some  results  which  cannot  be  achieved  with  simple  pulse  systems,  and  others 
which  might  be  considerably  more  expensive  to  obtain  by  brute  force.  If  the 
field  of  coded  signals  lives  up  to  its  early  promise,  wo  should  see  a  gradual 
obsolescence  of  the  simple  pulse  as  a  radar  waveform.  ~  ‘ 
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Laplace  Transform  Trtatment  of  the  Modification  of  a  Carrier 
V 

Envelope  by  a  Linear  Network 

Wilbur  R.  Lepage,  Consultant,  Syivania 
k 

Chairman,  Dept.  Electrical  Engineering, 
Syracuse  University 


When  a  modulater  carrier  f(t)  cosU Q  t  passes  through  a  network  described 
'  y  the  system  function  )  it  is  customary  to  use  the  spectrum  of  f (t)  obtained 

by  the  Fourier  transform.  This  spectrum  is  shifted  to  a  center  sti*/o,  with  its 
image  at  mU/0  usua^  being  neglected.  This  is  a  useful  technique  for  many 
purposes.  However,  where  exnlicit  response  formulas  are  required,  or  where  phase 
functions  are  violent  functions  of  frequency,  the  Fourier  transform  loses  much 
of  its  force. 

The  Laplace  transform  formulation  gives  *n  fll+ernnt.e  treatment  which,  in 
some  cases,  maybe  more  useful.  It  is  found  that  the  envelope  of  the  response 
is  approximately  proportional  to  * 


(t)  aTTHT 

i  1 

where  ^L^(t)  is  a  complex  function  of  real  t,  and  ~ TrT^TET  is  its  conjugate. 

The  complex  faction  /x^^(t)  is  obtained  from  the  inversion  integral  with  kernel 

F(s)><Ks).  F(b)  -«T£f(t)]  and  ^(s)  is  a  function  derived  from  H(s):by 

throwing  out  half  its  poles  and  making  a  translation  in  the  S-plane.  An  estimate 

of  the  error  is  obtained  in  terms  of  a  second  function  A- t(t)  which  is  the  inverse 

,  2 

Laplace  transform  of  F(s)  u)r>)  where  the  asterisk  implies  a  conjugate 

function  of  (meaning  all  poles  and  residues  replaced  by  their  conjugates). 

An  example  is  worked  ou* ,  applying  the  theory  to  the  case  f  an  all  -pass  non- 
ff.iriiiiiUrri  ■:  hose  network,. 
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Often  a  radar  system  design  is  limited  in  range  not  by  the  average  power 
capabilities  of  the  transmitter,  but  by  the  peak  power  in  some  part  of  the  ‘ 

transmitter-antenna  system.  If  the  range  must  be  increased,  ordinarily  the 
only  possibility  is  to  increase  the  system  duty  cycle  and  accept  the  resulting 
loss  in  range  -esolution.  However,  the  system  to  be  described. permits  increase 
of  the  duty  cycle  up  to  the  limit  set  by  the  average  power  capability  of  the 
transmitter,  without  sacrificing  rang**  ntion. 

Basically,  the  operation  of  the  system  consists  of  the  following  steps. 

'  A  pulse  having  the  desired  range  resolution  is  passed  into  a  network  having 
a  flat  amplitude  response  over  UX  it?  <scn  i  c>  v»a.ci  and  a  special  phase  .response. 

The  output  of  the  network  is  a  lengthened  pulse  giving  the  desired  transmitter 
duty  cycle.  This  long  pulse  is  transmitted,  reflected  from  targets  present,  and 
received  in  the  usual  manner.  In  the  receiver,  the  long  pulse  in  effect  passes 
through  another  network  again  having  flat  amplitude  response,  but  with  a  phase 
response  which  is  inverse  to  that  of  the  original  network.  This  restores  the 
components  of  the  long  pulse  to  their  initial  phase  relationships,  and 'the 
short  pulse  is  recovered  at  the  output  of  the  network. 

A  mathematical  analysis  giving  a  theoretical  explanation  of  tbe  operation 
of  the  system  is  presented.  Experimental  equipment  using  conventional  circuitry 
giving  an  increase  in  duty  cycle  of  50sl  is  described.  Spurious  side  lobes 
accompanying  the  recovered  short  pulse  are  down  30  db. 
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A  2P0  Me  Distorted  Pulse  Hador 

Summary: 

Reasons  for  pulse  distortion  are  briefly  covered* 

The  paper  then  outlines  some  methods  of  pulse  distortion 
and  leads  tip  to  the  dispersive  all  pass  lettioe  filter 
which  is  used  in  this  Rad»r  Set.  Some  advantages  of  this 
distortion  technique  are  noted* 

A  detailed  description  of  the  dispersive  filter  theory 
is  then  presented.  Some  idealisations  era  necessary  ns  an 
aid  to  calculation,  but  the  results  presented  are  shown  to 

bui'iia  out  in  y  l*ec  ti  Cit  *  .1  aluiplo  loathed  Of  UHdSrO tending 

the  mode  of  action  of  dispersion  and  recombination  results 
in  an  approximate  graphical  analysis.  The  theoretical 

poi foiiiianc 8  limits  srs  pointed  out,  csod  Iced  to  e 

of  system  parameters. 

The  paper  then  goes  on  to  describe  a  bread  broed 
model  radar  set  using  these  parameters  srid  details  the 
engineering  considerations  for  incorporating  pulse  distor¬ 
tion  into  a  Radar  System  so  that  all  the  theoretical  advant¬ 
ages  may  be  realised.  It  is  demonstrated  that  although 
problems  may  arise  they  may  be  overcome  by  existing  circuit 
techniques. 
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In  thia  paper  w#  shall  consider  distortion  to  meaning 
e  specific  operation  on  a  tine  function  before  transmission 
aa  a  radar  signal. 

On  rsoeptlon  an  inverse  or  ccsp  lament  ary  operation  la 
performed,  men  that  certain- ayatem  anvaacagsa  will  rw*ulfc, 

these  advantages  o*n  reault  in? 

1.1  Higher  average  power,  with  a  corresponding  inoreaee 
in  range. 

l.o  fleers ov.  and 

1,3  Improved  anti- Job  porfoman.ee  over  if  conventional 
radar  set. 

The  Increased  average  power  la  raaiiaeu  a in-*  ua 
distortion  of  the  radar  pulse  oou  be  arranged  to  lengthen 
It*  Output  power  being  usually  restricted  to  a.  certain 
peak  valua.  due  to  voltage  breakdown  ete»»  a  longer  trans¬ 
mitted  pulae  reault#  in  a  better  output  duty  oyole* 

Znproveannti  In  the  duty  cycle  by  increasing  the  PRP 
or  by  using  narely  a  longer  pules  of  the  nomal  pulsed  C.W* 
type  are  seen  to  result  in  reduced  range  or  reduced  resolu¬ 
tion  respectively,  A  useful  di avert ion  technique  must  not 
incur  thaaa  dieedvan tapes ,  and  three  cases  known  to  the 
writer  result  in  a  longer  output  pulse  without  loss  of  range 
or  resolution  to  any  large  extent. 
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In  on©  instance  a  short  pulse  ia  lengthened  by  sueoe#** 
eive  reflection#  up  md  down  a  delay  lina.  The  original  and 
its  Image a  are  than  added  and  used  for  transmission*  The 
addition  nay  not  occur  in  the  most  obvious  nitinner*  depending 
on  various  considerations  of  resolution  ©to* 

The  puls#  on  reception  is  now  decoded  by  a  similar  aariea 
or  relie  ovitme  anti  euultlun.,  .„.i  in  theory  it  is  possible 
for  tha  auooeaalvs  Images  to  suffer  such  numbers  of  paeee# 
over  the  line  that  they  all  add  up  at  oni  particular  point 
and  time  and  produce  o  replica  of  the  original  pulse*  In 
this  system  the  limiting  cnse  is  that  where  the  transmitted 
signal  lb  virtually  C,  W,  >«*•.  phase  discontinuities 
corresponding  to  suocaaaiva  reflected  earoplss.  Decoding 
is  dona  in  n  passive  network*  but  the  encoding  mey  be  per- 
fomsd  by  active  awitching  techniques. 

The  output  pulse  (long  pulaa  —  we  may  call  it)  of  tfcia 
system  is  lengthened  in  effect  by  addition  to  it#  original 
copies  obtained  after  certain  discrete  time  delays. 

Thee#  delays  mey  be  mode  continuous  by  using  a  network 
which  has  different  propagation  times  for  different  com¬ 
ponents  of  the  original  signal  (the  short  pulse i.  Reception 
decoding  la  now  porfonned  by  paasing  the  long  pulse  through 
s  network  having  a  complementary  continuously  varying  delay* 
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Tha  difficulty  hart  la  or.e  of  obtaining  conqjlemeatary  delay 
network*  with  smooth  d»i«y  variation** 

A  dlffcrant  approach  using  smooth  variation*  at  tha 
r# calving  end  uses  active  circuit  technique*  to  generate 
the  long  pulee  signal  for  transmission.  In  effect  a  radar 
aignal  ia  a  nodulated  carrier  and  tha  required  time  func¬ 
tion  a 07  he  generated  by  time  bases  and  frequency  modulator* 
with  alnesl  limitless  possibilities*  tfis  to  tire  devices  are 
designed  to  provide  a  aignal  which  may  be  decoded  and  oom- 
praaeed  uim  «  pulao  o^mpatib-le  with  the  eye  ten  bandwidth* 
The  ooaq>reeeiort  decoding  ia  done  in  a  passive  network,  eo 
that  one  requires)  ww  *).  Li.u  .iuvidos  to  r.r.int:ir.  their* 
ment  relative  to  Inactive  ones. 

A  third  ncthrtd,  ».»M  f/'Ti-ie  tin*  quhlect  rtf  t.)iJa  paper, 
uses  passive  natworka  with  smooth  delay  variations  at  both 
the  stretching  and  occnpreaaing  points.  All  pees  lattloe 
networks  are  employed,  and  their  design  ie  merely  a  repeat 
of  one  baslo  element* 

lha  resulting  radar  aignal  ia  a  cloae  approximation  to 
a  sawtooth  frequency  modulation  over  the  frequency  band 
consistent  wl th  the  system  range  resolution*  Vary  sffsotlve 
use  1  o  therefore  made  of  the  epeotrua  bandwidtZi* 

2*  !Ihe  All-Psas  Lattlcs*  System. 

This  uoea  rot  only  pRsaive  networks  at  both  raoslve 


-  ’6  - 

SECRET 


SECRET 


S  7-  9  a  V  V 


SBCHKT 


transmit  and*,  but  furtheraora  tha  natworki  ua#4  im,  i<hn- 
titsl  in  all  raapaot*.  Ttoare  i»  awn  a  poaaiblllty.  of  ualng 
ona  network  for  both  functions  on  a  tin®  «}d  frequency 
duplex  beaia.  , 

2.1.  aiisala  lattloa  element.  (jjj.fo  j l  1)  El&fc-i* 

The  lattloa  elements  ara  ohoaen  so  that 

a  '/CuCi  •  *  i1**  ■****>  ^**« 

1^  ia  the  uaaraotcviatio  impedance  of  the  l.atties. 

This  defines 


uj0  = 


,-K.Cv 


UHru 


Than  it  nay  be  shown  that  if 

y  *  <*  +  J  ("i> 

la  the  propagation  constant  of  wi»  section,  then 
oC  s.  O  *^.1  fh  ss  2 

where  w  is  tha  frequency  variable,  /£  ia  understood  as 

i . 

the  phiiae  ahift  of  one  section.  Obviously  If  identical 
sections  are  oasoaded  and  R0  la  left  unchanged,  the  total 
phaaa  ehift  ie  .  *- 

, p(u)  t*  ****** 

since  the  aepsrate  phaae  shifts  of  the  image  matched  sections 
will  add  linaarly* 


shciwe  a  plot  of  tha  arc  tan  x 


funotion. 
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Consider  now  p  cnrriar  of  frequency  where  *-■;  4^  w 0 
with  ■  modulation  envelope)  producing  sidebands  over  the 
frequency  range  f  ■■  .  \  .  y  t  L  \ 

The  modulation  will  be  due  to  o  time  funotion  of  low  pees 
bandwidth^,  end  we  may  call  this  time  function  (h) 

men  ii. 

m  =  Mo* 

-f.  ■  ■■ 

We  may  essume  o  symmetrical  time  funotion  eo  that  £\c(f) 
becomes  reel,  This  is  Merely  e  convenience  in  the  oxplons* 
fcion.  When  this  time  funotion  modulate s  a  cosinusoidal  our- 
elee  of  feeniienry  u2,  then 

» 

When  this  signal  trevereee  the  lettloe  the 

phase  oheraoterletlo  ^  is  impreeied  onto  the  signal  and 
the  resulting  frequenoy  funotion  Is  proportional  uo 

?(>)  ,  c^cth,  *U 

and  ^  is  now  Uu  frequenoy  variable* 

Application  of  the  stati entry  phese  principle  shows 
that  we  may  consider  this  phene  characteristic  as  imparting 
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a  group  tin*  delay  proportional  to 
tK  ^Oo 


JfW 


pig.  3.  (sua»  #  3) 


.4  ' 

’  !  | 

Thla  tins  daisy  Is  a  function  of  and  hauriafcloally 

naans  that  different  parts  of  tha  signal  frequency  spectrum 
arrive  at  different  times,  It  is  noteworthy  that  over  tha 
range  t / 

4  l  <  7w5  <.  i 


thla  tins  dolsy  it.  nearly  a  linear  function  of  frequency. 
(Slide  #  3,  Pig,  3) 


If  a  network  of  co*sp  lament  ary  tine  delay  were  avall- 
sblo,  ws  would  expect  it  to  undo  the  effect*  Just  dssoriDed, 

I 

Tha  aotual  diatortsd  pulss  uasd  as  a  radar  Signal  nay 
oe  visualised  ae  tm  euvelvye  Obtained  5 y  rtfi-Cting  ths  frj- 
qunnoj  function  of  the  signal  pulse  In  the  tlMe  delay  versus 
frequency  graph  of  the  lattice  filter,  Tnis  latter  is 
approximated  as  ths  slops  of  the  phase  characteristic* 

This  prooeis  appears  to  be  valid  If  tha  actual  tine  delay 
variation  over  tha  signal  bandwidth  is  large  ootqpared  with 
the  original  signal  time  duration.  This  will  be  so  In  any 
pula#  atrotehlng  soheme  of  practical  interest* 


Our  system  uses  2^0  Identical  lattice  seotione  and 
stretches  a  6 ^isac  pulso  to  about  100 Lattice  para¬ 
meters  are 


r  -» 


9  :  v  K 


SECRET 


*  i  v  Tt 

i  I 


A 

■  hu  o  : 

/ 

i  / 

<C 

—  -  — 

"  0/  - 

fin  - 

i?s 

Li 

-  .7 ^ 

Ct 

-  |-f 

“V 

'in  " 

•UG  Ml 

Only  the  main  lobs  of  the  6 /'sao  pvl^e  spectrum  1b  paewd 
by  the  nystam< 

Flfft 

Hits,  !*yb*l »tad  on  a  Me  carrier »  ha# 

bud#  aeros  in  :lt#  Bpaoli'uTn  at  about  .075  rfo  «nd  *375  Mo* 

o-  Between  fcieae  points  the  #pa  otrua  has  the  wall  knciwn 
'iwv  1 

~^T  form  corrtiapondinR  to  e  rectangular  bln#  function, 

*  >iu.  c  -Vt^wi.  fU  M«nl4fc#ri  Ineut  tin"  function,  uned 

»  *  «  •  *> I  tin-  . . 

for  computation, 

Plff.  6.  Slid#  6  uhowa  th#  output  onvolope  a#  computed, 

i.  <m,U  7  and  Fla.  S.  Slide  8  ere  phOtOgrapha  of  ebon 

%&*L&  1  ■  1  ■■■■■-• - 

5  and  6  modified  by  b»aid  pas#  response  ilnltn  of  system, 
lh«  P.M.  nature  of  the  distorted  pula#  1b  apparent,  We  hove 
thus  obtained  b  long  pulae  by  dispersion  of  a  short  on#, 
Undlaparalon  la  necessary  for  a  complete  system.  This  sppaars 
to  need  a  network  with  a  phase  characteristic  complementary 
to  the  dispersing  lattloe. 

We  avoid  this  awkward  component  by  inversion,  not  of 
the  network,  but  of  tha  apootrujn  applied  to  it,  Ihi#  aey 
be  done  by  heterodyning  the  signal  with  a  carrier  of  frequency 
2W(  at  some  point  In  the  receiver.  The  frequency  function 

*•  io 

■,  -7 

SECRET  _ _  _ 

SECRET 

1 

i 

i 


SECRET 


now  ho  a  toma  of  the  form 

A6  ({>-10, 

Aft  Cl*  *•  “  a,v  ')  !  A  5  (  {»  +  lv,  <f  L  >U,J  ^ 

eaoh  ona  of  which  carries  ti»  phaae  function 
modified  by  the  appropriate  frequency  tranalotiqn. 

By  filtering  va  select  the  tarma  wjj tlwj 

end  Ab( wWrh  are 
and  fip  aa  in  the  original  carrier 

borne  aignal. 

The  nhaee  oharaotariitica  hav*  meanwhile  become 

1C5  ( bit  IV,  \  |  .  ‘‘".llT /^*2  H>t  ) 


raapeotiveiy  where 

<f(ln?  <d;) 


<?.  11,  u/ic  l^s-n 


h^t 


m**A 


set  -tni|)  k  SK 


*o- 


ao  that  the  signal  frequency  function  now  la  proportional  to 

a  a  .  \ h»  Li?1 

Thia  aignal  if  now  applied  to  an  Identical  lattioe  to  the 
one  uaed  for  atretohing.  The  frequency  function  now  becomes 


proportional  to 
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Whan  this  In  demodulated  the  resulting  offaci.  may 
be  considered  ■■  *  further  heterodyning  with  frequency  io, 
followed  by  a  filtering  of  the  aaa^ononts  o entered  about 
sere  frequency!  TJwse  waponante  take  the  form 


n,(f)  fit 


The  original  frsquenoy  i'unction  has  apparently  suffered  a 
phase  distortion  due  to  the  overall  phase  eharaoterletio 

t  l  \  .  !  x  f  .  V  lfuJ*  t- 

Cf  Ih1'*')  +  (4,6  r  j 

Slide  J_9.  Fig*  9  eliowa  thia  phase  distortion  (now 
about  hero  frequency)  and  it  Is  a  freak  of  nature 
that  over  a  considerable  range  the  departure  from  a  linear 
frequency  variation  Is  very  small,  The  linear  phase  elope 
corresponds  to  dia tortlonlese  transmission  with  a  tine  delay, 
provided  the  whole  system  of  frequency  translations  and 
filtering  la  a  linear  oircuit. 


The  theoretical  phase  distortion  due  to  the  lettloea 
may  be  computed  easily  If  parasitic  rcpetanoes  and  losses 
are  Ignored.  We  have  found  in  preotloa  that  tbe  wave  fil¬ 
ters  naoeaaary  to  select  frequanoy  heterodyning  products 
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Introduce  mors  dir.fcort.ion  than  tbs  stretch  end  compress 
operations.  Phase  eq-aliastion  la  of  course /possible,  but 
we  have  not  found  It  necessary  in"  "this  system  to  date* 

2.3,  Oholoe  of  system  parameters.  . 

It  Id  a  dlstlnot  advantage  that  the  simple  lattice 
filter  meets  the  requirements  of  phase  oherootorlstle  with 
the  ease  of  cone truo tl on  resulting  from  having  all  inductors 
and  capacitors  identical.  Attendant  disadvantages  are 
that  shunt  capacity  in  me  inauc.ive  iirm*  t  U  o*;‘iipwii- 

sated  for  and  will  reetpiefc  the  filter  pass  band*  Teats 
were  made  on  sub  assemblies  of  30  filter  sections  to  deter* 

that  the  design  frequency  of  <375  Mo  was  satisfactory* 

The  6/ioeo  radar  pulse  le  a  prerequisite  end  may  be  handled 
(with  some  resolution  loea)  when  modulated  on  ,235  M«.  The 
wide  percentage  bandwidth  here  Is  necessary  to  realise  the 

r 

i 

maximum  of  the  wanted  form  of  phase  distortion  with  result¬ 
ing  stretch  ratio  In  a  practical  number  of  lattice  sections « 

Fig.  9  shows  the  overall  phase  characteristic  of  ttw 
lattice  stretching  and  compressing,  A  small  shift  of  num¬ 
bers  in  praotioe  makes  this  ourve  have  a  slightly  wider  paae 
bend  at  the  expense  of  a  dip  at  band  center  (like  a  Tehebyebeff 
approximation)  with  5*  maximum  overall  ripple* 

The  pules  envelope  of  the  eysten  so  fer  is  not  ideal 
for  a  high  powar  radar,  so  the  pulse  is  squared  up  by  smpli- 
tude  limiting  and  tire  gating.  This  process  renders  Invalid 
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the  linear  circuit,  analysis  Riven  above,  but  the  effect,  ere 
not  too  serious  Jh  practice)  indeed  advantage  any  be  token 
of  the  situation  in  tbo  receiver,  no  will  bo  seen  presently. 

One  may  note  that  time  Rating  a  stretched  pulse  correB- 
ponde  approx in at oly  to  band  limiting  in  the  frequency  plane. 

For  use  In  a  rnder  the  ,22$  He  oarrier  frequency  wust 
be  heterodyned  up  several  times,  The  first  upward  conversion 
1«  on 1 t«  auVwarri  due  to  the  wide  percentage  bandwidth. 

Slide  10.  Fig,  IQ  is  e  block  diagram  of  our  distorted 
pulse  re.dsr.  let  us  ry  on  si  deu  t-  numh.p.  ^  nun  l  , 

The  signal  bandwidth  is  nominally  .lp  Mo  either  Hide 
o*‘  tr.a  carrier,  tu  it  atrotor.cc  or  unscretchca.  uoing  up  to 
.9  Me  nvoids  the  signal  second  harmonic,  and  the  conversion 
frequency  and  its  harmonics,  30  thn t  a  mixer  filter  oonbina- 
tion  is  in  theory  possible#  In  practice  phase  distortion 
at  band  limits  is  a  difficulty  and  balanced  square  law  mixers 
are  used. 

Bffeotive  gating  is  nscassary  and  so  is  limiting  to 
giv&  a  aqunre  envelope  radar  pulse.  This  is  done  at  a  low 
enough  frequency  to  avoid  gc to  ioakage  and  high  enough  to 
avoid  gate  rise  time  components. 

Slide  11,  Fig,  11  ie  f.  photograph  of  the  ,9  mo  dis¬ 
torted  radar  pulse  after  squaring  up  and  gating, 

U-. 


SECRET 


'•  ■:  y 


Rirfchar  mixing  up  ia  conventional.  The  final  amplifier 
la  pulssd  on  the  screen  in  synchronism  with  the. long  pulse* 

The  atop  sires  nfc  each  heterodyne  up  mixing  state  after 
*9  M6  allow  mor**'  freedom  of  choice  then  bolow  ,9  Me*  The 
signal  3rd  hwraonie  is  cvnided  in  all  oases  and  balanced 
square  lew  tubij  mixors  nro  used.  Rnlunca  to  balance  selec¬ 
tive  filters  are  used  to  entrant  the  wnntad  conversion  pro- 
duoti  it  ia  swrhna i sad  tbit  although  th&  u uia a  length  trans¬ 
mitted  is  lOOyUseo,  tho  signal  --a-  bond  is  designed  for  the 
original  band  limited  6  /iu&c  uuaso.  This  bandwidth  is  easily 
accomodated  above  .9  Me  while  securing  at  lo  1st  db  rejection 
of  unwanted  nearby  mixer  products,  Phase  llnonrlty  in  the 
filtora.  la  of  more  impor;;nnco  than  amplitude  linearity,  par¬ 
ticularly  alne»  the  long  pulse  envelope  has  been  predistorted 
bv  the  gate  and  limiter  in  the  in?  i  *  -.f  -  annare  trans¬ 
mit  ted  pules,  atd  is  handled  by  rjiasa  C  power  stages* 

2*3*  Long  Pulae  Reoalver, 

Slide  12,  Fig.,  Iff  shows  e  block  diagran  of  i.he  receiver. 
This  is  conventional  n»  far  as  the  30  Me.  l.F.  amplifier,  The 
same  conversion  frequencies  os  in  tho  exciter  are  used.  But 
adjaoont  targets  will  produce  the  simultaneous.  presence  of 
more  than  one  long  pulse  in  the  receiver  sections  nhnad  of 
the  compression  lattice  •'liter.  This  will  result  in  cross¬ 
talk,  signal  capture,  and  loos  of  roaalution  if  the  stages 
are  not  linear. 
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It  is  thus  necessary  to  us*  a  minimum  of  gain  ahead 

7 

of  the  lefctioe  on  thla  aooount.  After  compression*  resolu¬ 
tion  la  not  marred  by  nonlinearity  and  a  conventional  pulse 
IF  amplifier  and  demodulator  v:ay  be  used*  This  letter  IF 
amplifier  provides  the  major  part  of  the  ne  ossuary  receiver 
gain*  The  received  long  pulse  is  not  one  which  will  reoom- 
blna  exactly  in  the  raoelvor.  This  is  due  to  the  Uniting 
effected  in  the  ixulUn  The  pules  haa  suffered  «s»h&«i* 
of  both  lta  low  and  high  frequency  oomponanta  and  la  eaaen- 
t icily  a  constant  amplitude  frequency  group*  The  reoelver 
selectivity  uaas  this  pre-emphasla  to  reduoe  its  noise  band¬ 
width.  The  .9  Ho  band  pass  filter  gives  15  db  attenuation 
at  tha  ends  of  the  pass  band,  while  providing  low  accompanying 
phase  distortion, 

Slide  li,  13  ana  mg.  Ui.  suae  Ul  enow  tne  action 
of  this  filter  on  the  pulee  envelope*  Pulse  recombination 
la  inproved  along  with  the  noise  figure  by  this  apparent  lose 
in  eignal  bandwidth* 

Sideband  inversion  la  accomplished  In  going  from  .9 
Mo  to  ,225  Mo, 

Slide  15.  Fig.  15  shove  the  input  end  Slide  16.  Jla,  16 
•Lows  the  output  of  the  oompreeaing  lattice.  There  ii  a 
minimum  range  loss  in  the  system  set  by  the  100 ^eeo  trans¬ 
mitted  pulae  length.  Tha  receive*  lattice  merely  delays  the 
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presentation  of  video  Informs tion*  The  received  oigr.&l 
aoan  here  Is  actually  duplexer  leakage,  corresponding  to 
range  aero, . 

,  The  receiver  as  so  far  described  does  riot  make  the 
most  of  the  antl-Jam  possibilities*  Optional  limiting  at 
aoms  controllable  level  is  include 3  in  the  30  Me  IP  ampli¬ 
fier.  In  the  limit  all  signals*  bi  they  targets  or  Jamming, 
n#innVi  the  1st  tie*  vfith  the  sues  envelops  az^liiudc.  Right 
signals  td.ll  build  up  by  12  db  (in  theory}  on  the  lattioe 
while  wrong  ones  will  be  diapersed  According  to  their  band¬ 
width,  The  gain  after  the  comprssn  filter  must  bo  adjusted 
to  take  lull  advantage  of  thle.  This  30  Mo  limiting  is 
conflicting  with  the  overlapping  signal  linearity  require¬ 
ment*  so  in  general,  there  is  an  optimum  limiting  level 
dopondent  on  jamming  conditions*  The  A 00  system  operates 
ahead  of  the  limiter  to  provide  this. 

Figs,  17  through  1?  show  some  *  A  *  scope  presentations 
of  both  the  reoeived  long  pulsa  at  ,9, Me  and  the  compressed 
pulse  at  video.  These  ere  actual  target  echoes.  The  signal 
to  noise  build  up  is  clearly  illustrated.  Fig,  18  shows 
two  targets  Just  resolved  at  about  60  miles  range*  while 
Fig*  19  illustrates  this  on  an  expanded  sweep.  The  long 
pulses  are  overlapping  and  are  separated  on  compression. 

Fig*  SO  is  a  PPI  presentation  of  a ome  typical  targets 
obtained  with  an  10*  beam  antenna.  Limiting  was  adjucted  to 
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ocour  at  a  low  signal  level  -o  thtt  no'iao  quieting  abound 
90eh  target  la  nppnrent. 

I  ‘ 

Thia  radar  la  tHe:to  the  oo.mhined  effort*  or  aixay 
englnoara  and  the  wH^r  wishes  particularly  to  give  credit 
to  Mr.  C.  J.  Miller 4  who  conceived  our  use  of  the  lattice 
filters j  Mr.  A.  Zverev,  who  hiilt  the  nodels,  nnd  Mr.  5.  A. 
Worrell  who  did  the  me themn tier . 
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TIME  DELAY  FOR  ONE  SECTION. 
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.9  MC  LONG  PULSE 
WITH  NOISE  AT  RECEIVER 
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.9  MC  LONG  PULSE  AT  EXCITER 
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SIDEBAND  INVERTED  LONG  PULSE 
AT  RECEIVER  LATTICE  INPUT 

SECRET 

FIG. 15 


SECRET 


c 


SECRET 


BAND  LIMITED  LONG  PULSE 
WITH  NOISE  AT  RECEIVER 
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COMPRESSED  PULSE  AT  RECEIVER 
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20  MILES  (250m  SEC)  PER  cm 
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A  LINCOLN  LABORATORY  CODED- PULSE  RECEIVER-EXCITER 
L.G.  Kraft,  Jr. 


ABSTRACT 

A  radar  receiver-exciter  system  has  been  built  and  tried  In 
which  the  transmitted  pulse  waveform  Is  phas* -modulated  or 
"coded'1  during  thi  pulse  In  order  tc  Increase  accuracy  In  range 
i  jH-«c^r’inp  unrtep^ vi nj  this  rlevelm*isnt  la  re¬ 

viewed  urlt'l  ly  ami  Lne  ieutuivu  vf  Lite  o j b lain  actually  built 
tire  deecrlt^d.  Th®  early  result*  ar*  mentioned. 


INTRODUCTION 


In  l1!^.  Profe&BO.  U.M.  Sictert  Indicated  to  a  symposium  of  thin  #aiw» 
nature  the  possibility  of  constructing  a  large  high-powered  radar  for  early 
ballistic  missile  detection.  The  essential  features  he  discussed  were  based 
on  consideration  of  fundamental  principles  of  detection  and  parameter  estima¬ 
tion.  He  pointed  out  the  t equlrementa  for  very  large  average  powers  (on  the 
order  of  1/2  megawatt),  and  very  large  antenna  apertures  (order  of  4000  square 
meters).  These  are  r.ccer-?-..iry  to  achieve  the  target  signal  energy  required  for 


tiiui  prwbt&b i x r uy  of  uctcotlon  and  low  probability 


of  receiver  noise. 

In  addition,  he  suggested  signal  parameters  which  arc  still  reasonable 
today:  a  pulse  length  of  Uo  milliseconds;  approximately  thirty-five  pulses 
per  second;  and  therefore,  peak  poweis  of  about  six  megawatts.  A  unique  feature, 
however,  was  the  suggested  departure  from  a  simple  pulsed  sinusoidal  waveform, 
to  a  phase  modulated  signal. 
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Shortly  after  that  symposium,  an  opportunity  arose  to  build  and  to  try  such 
b  reeelvftr-excltsr  system  in  connection  with  the  RADC-GE  FPS-17  program,  (ty 
purpose  here  ss.  to  describe  the  significant  features  of  the  system  which  was 
built  together  with  eome  of  the  reasoning  behind  It  and  to  mention  the  early  re¬ 
sults.  The  emphasis  is  to  oe  on  the  feature  of  coding.  The  system  has  become 
Known  as  the  Lincoln  Coded-Pulse  Receiver-Exeitei  -  and  is  described  in.  instruc¬ 
tion  book  detail  in  Lincoln  Manual  No. 12.  The  ideas  and  realisation  of  the 
coded-pulse  radar  are  the  work,  of  many,  but  particular  mention  should  certainly 
be  made  of  the  effort  of- Prof.  Slebert,  who  directed  the  project,  and  Robert  M. 
Lerner,  who  uuntrinutsd  to  all  phases  or  its  conception  and  realisation. 


oim.iNE  op  fundamfhtm:  principles 


I  liave  mentioned  that  fundaasantal  cunsidaratlone  of  detection  and  param¬ 
eter  estimation  underlie  the  design  of  this  system.  There  is  uniy  time  for  the 
.  oricieBt  outline  of  the  features  of  this  theory,*  (see  ref.  1,  2,  3). 

First,  most  detection  criteria  lead  to  the  same  result  -  namely,  that  an 
•-rtis.tr."  1-t.mrr  Should  mrl  tutu  u 

threshold.  This  1b  true  for  Buch  criteria  as  minimum  cost  of  error,  minimum 
information  lo<s,  minimum  number  of  errors,  and  so  on.  Whi-n  the  crlteriqn  is 
elmnged,  the  computation  of  the  likelihood  ratio  doesn't  change,  but  the  partic¬ 
ular  value  or  tnrennoid  may. 

Second,  the  performance  of  the  system  which  computes  the  likelihood  ratio 
can  be  described  by  plotting  the  probability  of  detection  vs.  the  probability 
of  ?»?.  se  ala™.  In  the  once  of  additive  white  gnus  si  an  noise,  the  single  prim® 
parameter  of  such  a  performance  description  is  the  ratio  of  signal  energy  re¬ 
ceived  to  the  noise  power  density  present. 

On  the  basis  of  these  facta  one  can  compute  the  requirements  for  large 
antennas,  high  power  transmitters,  low  receiver  noise  figures,  low  system  losses, 
etc.,  necessary  to  give,  say  95%  probability  of  detection  and  one  false  alarm 
per  year,  against  a  one -tenth  square  meur  target  at  2200  nautical  miles.  Given 
the  signal  energy  and  noise  power  density  one  specifies  the  detection  perform¬ 
ance  without  regard  to  the  bandwidth,  or  pulse  length,  or  any  other  transmitted 
waveform  parameter. 
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Also,  if  the  noise  is  additive  white  gauaslan,  the  likelihood  ratio  compu¬ 
tation  simplifies.  to  an  equivalent  computation  of  the  correlation  between  re¬ 
ceived  Dipnoi  and  expected  waveform.  One  way  to  compute  this  correlation  is  to 
employ  a  'marched  filter."  It  can  be  chown  that  the  linear  filter  matched  to  a 
particular  expected  waveform  has,  at  a  particular  time,  an  output  proportional 
to  the  c.oi relation  between  the  actual  Input  and  the  expected  waveform. 

A  third  theoietlcal  implication  is  that  if  the  received  signals  have  pa- 
rwneteru  such  as  time  delay,  aoppler  frequency  shift,  etc.,  then  for  best  de¬ 
tection  the  correlation  must  ue  computed  for  all  values  of  the  parameters 
involved.  The  usual  practice  is  to  break  the  receiver  into  many  sections  that 
compute  the  corrclati-..  at  u..eujcte  vmuco  wi  cue  ^m'dueuvrB,  this 

results  in  such  familiar  devices  as  range  gates,  doppler  filter  banks,  narrow 
bOAiiia,  orthogonally  polarised  receivers,  etc.  Many  present  receivers  are  thus 
correlation  computers:  the  more  nearly  optimum  tliey  are  in  the  presence  of 
additive,  white,  gauisisn  no  Ur.,  the  rnre  nearly  they  must  approach  being  a 
correlation  receiver.  The  matched  filter  is  a  correlation  computing  device 
which  has  the  particular  property  o:  determining  tne  correlation  versus  time 
delay  as  a  continuous  function  of  time.  This  is  very  convenient  when  one  of 
the  unknown  parameters  is  the  time  delay  of  the  signal.  An  important  point  to 
aud  here  is  that  or.ee  having  computed  the  correlation  for  all  the  parameters 
involved,  the  receiver  has  all  the  a  posteriori  data  available  not  only  to  make 
detection  decisions,  but  also  to  make  estimates  of  the  parameters. 

Those  familiar  with  the  theory  will  recognize  the  fourth  theoretical  im.< 
plication,  namely,  that  the  co  relation  funct;ons  do  depend  on  the  particular 
waveforms  which  are  transmitted  and  received,  Since  parameter  estimates  depend 
directly  on  these  correlation  functions,  they  are  directly  influenced  by  choice 
of  transmitter  waveform,  limine  the  questions  or  detection  and  falsa  alarm 
probability,  which  to  a  first  order  are  measured  by  signal  energy  and  noise 
power  density  alone,  the  quality  of  parameter  estimates  or  measurements  depends 
both  on  signal-enericv-tc-noise-density  ratio,  and  on  the  wnveform  parameters. 

For  example,  it  hat  teen  shown  (ref.  2)  that  under  proper  conditions,  the 
optimum  accuracy  in  measurement  of  time  delay  and  of  doppler  frequency  shift  is 
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given  by  formulan  in  Figure  1„  (Formulas  taken  from  R.  Manasse,  Lincoln  Lab¬ 
oratory  llivioton  III  Quarterly  Progress  Report,  July,  1956) 

i 

vhe  re : 

6t  ■  r.ift.3,  error  J,n  estimate  of  time  delay  in  bpcoihIb 
P  »  r.m.a.  bandwidth  of  transmitted  signal  in  radianB/aec. 

E  »  energy  of  received  signal  watt-sec. 

Nft  *  noj.ee  power  density  vat.ta/cps  {single-aided  spectrum) 

61'  »  r.m.a.  error  in  estimate  of  frequency  in  eycles/aec. 
t  ■  r.in.s.  time  duratio,,  of  transmitted  signal  In  Beconda 
T  ■  pulse  lengih  of  a  rec tangulnr  envelope  signal  In  oeconds 

Thf*  Icf t-hfiftd  formulas  tv-1 7  jew-m?  iv,  >li*-  t  ichl-h«<*<i  w— Hi'mif  .•<  ."•<!  «or 

the  special  case  of  a  rectangular  on /elope  pulse  of  s1niiRc.(H.  I  r  nn«  ciiooee# 
to  modulate  the  transmitted  => t^nal  in  any  way  that  modifi>  2  Its  bandwidth,  oi 
its  time  duration,  or  11b  energy  content,  then  the  accuracies  in  estimating 
parameters  Huch  as  time  delay  and  doppler  shift  are  influenced  in  simple  cases 

-  -  I  . .  .»  t  -  *  -  »  i 

uw  .  II'  H'.UV1-  1  Ul/U  ■  W  I 

The  coded  pulse  receiver-exciter  development  Ib  a  direct  effort  to  improve 
range  measurement  accuracy  while  blmultaneously  allowing  velocity  measurement. 
Tilt  actual  changes  in  the  system  on  which  the  coded-pulBt  receiver-exciter  has 
been  tested  included  lengthening  'he  pulse  to  two  milliseconds  ajid  providing  a 
particular  phase  modulation  internal  to  the  pulse.  The  .niger  pulse  increases 
signal  energy  which  improves  both  detection  performance  ana  parameter  measure¬ 
ment.  Tile  length  nf  the  pulse  enables  a  deppier  acasurc.;..:r.t  during  wus  pulse 
only.  The  phdae  modulation  Increases  bandwidth  and  ihciefore  the  accuracy  of 
range  measurement. 


REASONS  FOR  CODED  HJLOb 


There  are  a  variety  of  reasons  why  a  phase  modulation 
transmit  waveform  may  be  useful;  coding  may  Improve  lunge 
It  may  improve  certain  resolution  properties;  ii  may  ullow 
mr.re  signal  ener©1  while  ioaintainlng  or  improving  accuracy 


or  coding  of  the 
measurement  accuracy 
longer  pul»eB  and 
and  resolution;  it 
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mny  influence  Jamming  effect!  vent.,  a;  (iopniuticated  o od i r. i{  ma^-  reduce  the  pneni- 
bilities  of  *  8  poof  *  Jamming;  particular  waveforms  may  be  used  to  reduce  certain 
receiver  complexities;  and  there  are  other  possibilities.  .In  the  coded-pulse 
receiver-exciter  only  the  advantage  of  improved  range  accuracy  was  sought. 

THE  FEATURES  OF  THE  CODED-PULSE  RADAS- AS  -TPIF-D,  EXPERIMENTALLY 

The  ooded-pulsc  radar  pulse  it  two  milliseconds  long.  This  enables  a  de¬ 
termination  of  doppler  frequency  on  one  puisa  only,  to  within  about  30  cyclea 

PE 

per  second  for  a  reasonably  strong  signal  ( -  8l).  'Jut  lope  was  for  about 
100  c/b  accuracy  when  the  system  errors  were  all  takeii  into  account. 

The  long  pulse  ia  'phase  moauxuwu  in  «  puwuuu-i «u«l(.«n  faahl or,  by  bicakine 
it  up  intn  orw*  b>iruin*ci  tu*ci-inni»  nr  *u'n-jnii  *«•»,  earn  »f  which  may  btr  wttto  powitiv* 
or  negative  with  respect  to  the  others.  It.  is  as  though  a  long  pulse  of  sinusoid 
worn  wi'i.lfl'.ftd  by  a  nnquence  of  one  hundred  plus  or  minus  ones. 

tne  ruasunu  for  sc  Lee  ting  such  a  modulation  are  i'iioi  that  tire  properties 
of  the  waveform  can  be  mode  cui table  for  our  purposes  and  seconl  that  generation 

„  <.  (  ,,  .  ...  .....  f»-  I  m  .* - "I  .  .  »».*  -  -  1  ..  .  4.  V  «  ...... 

.  A  . .  '  J  *  . ^  "  A'"*"  ‘  '  A. 

crate  the  waveform  defilred  for  t.rannmV'.tor  pulse  jsirpnnaa,  t  r.  in  also  rnqni  r«rl 
to  be  able  to  conotiuot  eighteen  different  matched  filters  to  cover  the  doppler 
range  of  tl,lc  system.  , 

After  juggling  tne  requirements  for  the  many  special.  fiXters  and  the  some¬ 
what  noiselike  waveform  with  the  various  possible  hardware  schemes,  it  was  de¬ 
cided.  to  Implement  a  delay  line  filter  bonk.  A  aultnble  acoustic  delay  line 
with  otic  hundred  output  taps  was  developed  concurrently  with  tire  cons  true  tluu  of 
the  ay  stem  —  anil  It  worked. 

A  simplified  block  diagram  of  the  system  shown  in  Figure  3  indicates  how 
the  delay  line  is  used,  The  conventional  ports  of  the  system  sxc  Bhown  lu 
simplified  form.  'Rio  selector  twitch  in  tin  right-hand  position  allows  a  twenty- 
jalcrooecond  pulue  (four  cycles  of  a  tvo-huni.  red-kl^ocycle  sinusoid)  from  the 
pulse  generator  to  be  applied  to  the  bandpai-a  delay  lino.  At  each  of  the  one 
hundred  taps  a  delayed  version  of  the  pulse  is  obtained;  these  may  have  cither 
positive  or  negative  polarity  (each  vertical  tap  line  on  Figure  3  represents 
two  lines  -  one  plus,  one  minus  —  in  the  actual  ..yste.T,),  Either  positive  or 
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negative  is  connected  to  the  t.rnnopl  *  bus  shown  Tind  finally  f»d  to  tin*  remainder 
of  the  exciter.  T^e  net  result,  is  the  waveform  .shown  in  Figure  3. 

Figure  3  also  indicates  the  use  of  the  delay  line  In  foii-ing  the  matched 
doppler  filters  for  the  receiver  operation.  In1 this  case,  the  aelector  switch 
in  In  the  lt>ft-hand  position  and  the  receiver  connected  to  the  delay  line.  Aa 
indicated  there  are  adding  networks  of  resistors  from  the  one  hundred  delay  line 
tops  to  a  number  of  doppler  buses.  These  resistor  networks  together  with  the 
delay  line  form  linear  filters  which  are  good  approximations  to  the  dcuired 

l 

matched  filters.  For  example,  the  matched  operation  of  the  zero  doppler  filter 
may  be  easily  described.  Assume  a  signal  likci  the  transmitted  signal  has  been 
received  and  *>d  t.n  the  delay  line,  It  i«  merely  neeeaeary  to  connect  n_"Q  t.^e 

-i  I 

adding  resistors  of  the  zero  doppler  bus  to  the  positive  or  negative  line  tape 
in  such  a  way  as  to  undo  the  code  —  make  all  one  hundred  contributions  add  In 
phase  -  and  the  maximum  output  is  achieved.  No  other  connection  can  possibly 

give  a  larger  signal  to  noise  ratio.  It  should  be  noted  that  to  mnitn  this  hap- 

; 

pen,  the  plus-minus  sequence  of  the  transmit  oua  connection  is  simply  reversed 
In  time  (end  for  end  on  the  diagram  of  Fl«rure  in  fnm>in»  s.h*  vsro  dnniOer 
connection. 

Hie  filter  for  a  doppler  shifted  signal  differs  first  in  that  two  buses 
are  required  and  second  in  that  the  resistances  of  the  adding  networks  are  chosen 
so  as  to  introduce  weignving  functions,  xne  weighting  runctions  required  and 
used  are  cosine  on  one  bus  and  sine  on  the  second,  hence  the  names  on  Figure  3. 

Consider  a  doppler  shifted  signal  at  the  antenna,  the  doppler  effect  u 
one  of  over-all  time  expansion  or  contraction  of  the  waveform.  After  mixing, 
which  preserves  phase  shifts,  all  the  phase  reversals  of  the  original  aoding 
are  present  and  also  there  are  the  additional  cycles  due  to  the  doppler  shift. 

If  the  doppler  shift  is  five  hundred  cycles,  there  ie  one  additional  cycle  in 
the  two-millisecond  pulse  length.  Such  an  extra  cycle  means  the  zero  doppler 
but  signals  are  progressively  out  of  phase,  and  add  up  to  zero.  One  way  to  take 
this  phase  due  to  doppler  into  account  would  be  to  use  a  matrix  of  phase  shifters; 
set  the  phase  shift  to  correct  for  the  phase  due  to  the  doppler  and  add  the  out¬ 
puts.  Seventeen  hundred  phase  shifters  at  model  ate  bandwidth' iookid  formidable 
ana  the  more  economical  resistor  matrix  shown  was  used  an  a  wfy  out. 
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Thu  reslcsor  weighting  operation  is  -shewn  aa thematically  in  Figure  ,,U.  The 
desired  impulse  response  h(t)  is  expanded  into  two  parts  by  simple  trigonometric 
expansion.  The  first  tt>'m  of  the  reBult.  is  the  same  as  the  impulse  response  of. 
the  aero  doppler  channel  except  for  weighting  by  tlie  coaine  [u)c(t-t)]  function. 
Therefore.,  this  part  of  the  desired  filter  vac  formed  exactly  os  the  toi  c  doppler 
filter  except  that  the  values  of  the  adding  resistors  are  chosen  to  produce  the 
desired  cosine  weighting. 

To  be  exact,  the  sine  weighted  portion  of  the  filter  nbnuld  have  a  sine 
wave  carrier  ins  Lead  ol'  a  cosine  carrier  for  its  impuloe  response.  This  might 
te  obtained  with  quadrature  local  oscillators  and  a  oecond  delay  line;  or  by 
ccvcr.tccr.  %°  phase-  g!,’.  ft.-i ..i,  L!,o  sine  weighted  buses  of  Figure  j.  However, 


for  reasonable  signal  to  noise 


i  ,,  nil;u| 


Lit*.  tlVlR^V* 


by  sine  weighting  the  same  cosine  carrier  -  detecting  anvaiopes  on  each  bus  and 
adding  after,  detection.  Thio  results  tn  roughly  one  db  detection  loss  and  also 
in  inability  to  separate  positive  on<l  negative  doppler  shifts,  which  were  reason¬ 
able  compromises  in  this  particular  system. 


'rWk  DELAY  LINE 

Figure  5  and  Figure  6  are  photographs  of  the  delay  line  used  in. the  coded- 
pulse  rsdar.  It  van  conceived  and  developed  concurrently  with  the  rent  of  the 
system.  It  is  an  acoustic  line  of  1/16  inch  Invar  rod  made  in  six  sections, 
having  total  delay  of  approximately  two  milliiiecondB.  There  are  amplifiers 
between  seetiona.  The  input  transducer  Is  a  piezo-electrl c  barium  titanate 
cylinder  approximately  1/4  inch  in  diameter  and  1/2  inch  (or  1/2  wavelength 
at  200  Kc)  long.  It  operates  in  the  longitudinal  or  piston  mode.  The  magneto- 
Btrictive  property  of  the  invar  is  used  for  output  transduction,  A  center- 
tapped  pick-off  coil  sendwlchcd  between  two  coils  providing  d.c.  magnetic  biasing 
responds  to  changes  in  magnetic  flux  caused  by  mechanical  stress  in  the  invar 
rod.  The  input  operates  at  about  ^00  volts  peak-to-peak  which  produces  approx¬ 
imately  200  millivolts  peak-to-peak  across  one  aide  of  the  output  coil.  Inser¬ 
tion  lose  is  largely  in  the  coupling  of  the  transducers;  about  20  db  at  the  input, 
40  db  at  the  outputs,  and  only  2  or  j  db  ulong  the  line.  Bandwidth  is  appjoxi- 
mateiy  100  Kc,  mainly  determined  by  the  half-wave  input  transducer. 
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The  resistor  matrix  la  mounted  Until  mi  the  oemy  line  pane  j  ,  figure  I  unowa 
one  oT  the  three  shielded  boxes  containing  ljOO  of  the  required  itOOO  reoiators. 

THE  OUTPUT  SIGNAL 

You  will  recall  that  the  waveform  is  ":le -coded"  in  the  ret la tor  matrix 
when  the  long- two-mill lsecond  pulse  Is  all  present,  in  the  delay  line.  As  t.he 
acoustic  signal  moves  along,  all  one  hundred  outputs  do  not  continue  to  add  In 
phase  and  a  much  lower  output  results.  The  output  from  the  .ideal  matched  filter 
should  have  the  shape  of  the  correlation  function  for  the  signal  being  used. 
Figure  0  1.8  the  correlation  function  at  zero  doppler  shift  for  the  plus-minus 
coding  used  in  the,, Lincoln  System, 

T.i  - - 1.  . -  .  ,  .  1.  .  .  i  i  -  >  «.  .  •  H«  tti  »  »s  '  »  • 
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Particular  channel  are  12  unite  as  shown.  It  is  because  the  center  peak  or 
"spike"  is  so  narrow  that  iscre  accurate  time  delay  measurement  is  possible.  An 
uncoded  pulse  of  pure  sinusoid  lias  a  triungular-shaped  correlation  function  much 
wider  than  the  spike  of  Figure  d.  It  is  because  the  side  "hash"  lc  relatively 
lev,  that  re  solution  is  l.T.prcvcu.  ,i»c  "hath"  may  be  pushed  ds'.c,  to  a  greater 
extent  than  shown  here  by  choosing  other  codes  (such  as  FM,  etc.);  but  reducing 
the  hash  In  this  doppler  channel  will,  certainly  increase  it  in  some  other  chan¬ 
nel.  A  search  for  coles  which  would  maintain  low  hash  In  all  doppler  channels 
was  necessary  to  avoid  ambiguity  in  the  doppler  and  time  delay  measurements. 

The  largest  hash  level  in  all  off  doppler  channels  was  experimentally  found  to 
be  about  30  on  the  ncale  of  Figure  H. 

The  actual  waveform  obtained  is  shown  ‘n  Figure  y.  The  eighteen  doppler 
channel  outputs  are  combined  In  a  diode  "or"  circuit  so  that  only  the  largest 
signal  is  present  at  one  time.  This  la  called  the  "greatest-ol  "  circuit.  Ouch 
a  combination  is  not  the  ideal  integral ion  of  the  likelilioc-l  ratio  over  the 
doppler  frequencies,  but  for  large  signals  the  approximation  is  within  one  db 
and  is  a  pleasant  engineering  compromise.  In  fact  it  enables  one  threshold  com¬ 
parison  circuit  to  be  used  in  UjIb  system. 

When  the-  "greateet-of  "  signal  exceeds  the  threshold  (previously  adjusted 
for  an  acceptable  false  alarm  rate)  the  system  alarms  and  begins  to  photograph 
the  output,  of  three  of  the  likely  doppler-  channels.  These  outputs  are  later- 
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measured,  and  with  Bui  table  interpolation  the  dcppler  frequency  may  be  determined 
to  within  about  100  cps. 

A  a ample  of  one  of  the  film  records  of  an  actual  missile  signal  is  Bhovn 
in  Figure  10,  .  The  outputs  of  doppler  channels  aero  and  one  are  shown.  Square 
waves  are  superimposed  for  time  marks  (each  square  wave  la  about  50  nautical 
miles  long).  The  square  wave  without  signal  is  used  for  calibration  purposes. 

The  sweep  containing  the  noise  and  signal  "apike,f  is  centered  on  a  true  range 
of  approximately  500  nautical  miles.  The  absence  of  any  noticeable  Bplke  in 
the  upper  trace  (channel  onc-*jOG  cycles  per  second)  indicates  that,  the  doppler 
shift  is  Very  near  zero. 

RESULTS 

The  range  uccuracy  In  Huh  ayatea  hap  to  date  be-jn  limited  by  resolution 
0*  cathode  ray  oscilloscope  spot  size  and  film  read  out.  Although  the  theoret¬ 
ical  limit  lo  about  one  microsecond  accuracy  (for  a  signal  energy  to  noise-power 
density  ratio  of  approximately  100),  the  actual  readouts  ore  indicating  about 
user,  variations.  Cco£iaphicai  knowledge  of  actual  ranges  in  good  to  about 
the  same  accuracy,  so  that  fixed  or  bias  errors  are  at  least  smaller  than 
10  paec. 

The  dopplei  frequency  measurements  have  variations  which  0— ;  nearly  the 
computed  values.  The  few  teat  reoulto  indicate  r.m.s.  variations  loss  than  JO  cpB 
for  strong  signals.  Two  system  errors  have  appeared  somewhat  worse  than  antic¬ 
ipated.  Flr.it,  unequal  gain  in  the  doppler  amplifier  channels  results  in  dop¬ 
pler  measurements  biaaea  as  much  as  5>0  cps,  Second,  at  very  low  signals,  the 
envelope  detection  has  introduced  similar  bias  errors. 

ADDITIONAL  SYSTEM  FEATURES 

The  Lincoln  Coded-Pulse  System  has  a  number  of  additional  features  which 
should  be  mentioned,  First,  a  hard  limiter  (limit  levels  set  at  a  fraction  of 
the  r.m.s,  noise  voltage)  is  included  in  the  receiver,  before  the  matched  filler. 
It  has  been  experimentally  determined  that  such  a  limiter  degrades  detection 
performance  of  this  type  system  less  than  one  db.  It  has  the  advantage  01 
keeping  the  false  alarm  rate  constant,  without  other  gain  control,  In  addition, 
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the  limiting  reduces  the  effects  of  impulse  interference. 

In  order  to  reduce  the  loss  in  detectability  for  signals  haying  cioppler 
shifts  Between  two  channel#,  intermediate  channels  are  formed  by  the  artirice 
of  adding  outputs  from  adjacent  pairs  of  the  doppler  channels  described  above. 
These  iiiterchannel  doppler  signals  ttr*  combined  and  applied  to  a  threshold  cir¬ 
cuit  which  vi.il  cause  a  system  alarm  when  activated. 

Since  many  meteor  echoes  of  short  (one  pulse)  duration  were  anticipated, 
the  threshold  circuits  have  been  arranged  to  alarm  only  when  a  large  signal  is 
present  in  the  same  10-mile  range  interval  for  two  of  three  successive  pulse 
intervals. 
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Hitched  Filter  Synthesis  through  Phase -Ciu.ortioa 

MctUuvhs 

by  Steven  H.  Susaaaa 
Helper,  Inc.  Be  March  Department 


smooocriQH 

The  subject  ot  this  paper  grew  out  ot  one  pM.ee  ot  e  iftudy  contract 

f 

performed  by  Helper  toe  the  Signal  Corps  Engineering  Laboratories.*  Broadly 
;tp»*kiag  the  problem  la  the  design  ot  matched  filter*  with  noise -lihe  impulse 
response*.  The  topic  will  bo  treated  in  tm  parts’  the  tint  part  relating 
to  aoae  general  ideas  which  lead  to  a  different  point-or-virw  or  deaign  phil- 
>>aopL,y  i slier*  of  thie  type,  tad  the  second  part  deal  1jm  with  a  specific 
realisation  which  was  constructed  and  tasted  in  the  laboratory. 

A  matched  filter  is  deimed  in  the  usual  way  aa  a  mtev 
Impulse  ros|>oas<  < »  the  tLae-rcvei*«  ot  the  applied  signal,  or  la  fretpieacy- 
domaia  JsagMge,  the  matched  filter  has  a  spectrum  which  is  the  conjugate  of 

lu«:  •ijjwpl  wwrfn*i. 

oBsnar  oqkszqbbatiqns 

la  our  treatment  we  include,  in  addition  to  the  aatched  filter, 
the  generating  filter,  the  ou*  whose  impulse  response  is  the  desired  signal. 
Ha  abort,  we  ate  speaking  of  the  sltustion  pictured  in  Figure  1.  ia  the 
generating  filter  or  tiscMltter  tod  is  the  aatched  filter  sr  receiver. 


*1  complete  description  ot  the  system  to  which  the  neth  le  of  tkis  paper 
were  applied  will  be  given  at  a  Svmposiua  on  Electronic  Counter  Counter- 
measures  to  be  held  at  Borne  Air  Development  Center  in  October  1957. 
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Figure  l 

the  trui  ir  function  of  to*  two  filters  ore  denoted  us  in  equation  Cl).  In 
order  to  satisfy  the  condition  that  !!,  and  H,  he  conjugate,  we  require  the 

A  mm 

relation*  stow  in  equation  (2)  tor  the  magnitudes  and  phases.  The  Magni¬ 
tudes  of  the  transfer  functions  wust  be  equal,  and  the  arm  of  the  phases  ia 
a  linear  funtion  of  frequency,  The  T  in  the  last  expression  corresponds  to 
the  delay  of  the  systen  which  is  necessary  to  insure  realizability.  It  is 
apparent  txea  this  that  the  two  networks  taken  together  axe  nothing  Here  than 
a  delay-line  whose  phase  characteristic  is  split  between  and  X,  so  as  te 
aake  the  wave  fora  between  then  hare  the  desired  noise-like  property. 
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This  brings  us  to  the  next  point i  thfe  question  of  how  to  define 

"noise-like"  in  tenia  which  can  lead  to  network  design  specifications,  We 

find  that  a  wary  useful  approach  is  through  the  TV  product,  T  being  the 

duration  and  W  the  bandwidth  of  the  signal,  since  this  ia  the  figure  of 

uarit  of  the  pulse  compression  system*  we'te  desling  with.  In  tying  the  T 

and  W  neaanrtt  to  the  transfer  (unction  of  the  filter  we  make  use  of  some 

work  of  F.  M.  Woodward  oa  tine  end  f  roquency  ie solution,  We  employ  as  a 

measure  of  bandwidth  the  inverse  of  Woodward's  tine  resolution  constant  and 

ns  a  measure  of  duration  the  inverse  of  his  frequency  resolution  constant. 

For  the  bandwidth  measure  tile  pertinent  relations  are  given  ia  equations  <31 

sad  (4).  $  (?)  is  the  auto-correlation  function  of  the  inpluse  response 

h(t)  sad  IS  also  given  as  the  Fourier  transform  of  |H<J«)j  .  The  effective 

heiMhMritii  w  in  *  mint  ion  <41  is  seen  to  be  inversely  related  to  the  width 
o 

of  the  correlation  function,  since  $  <x)  is  normalised  to  make  $  (o)  *  1. 

WQ  can  be  expressed  in  terms  of  I  HCjai'i)  *»  In  equation  (O  sad  from  this  we 

tin/1.  s«t:nK  use  ot  th*  anrmi  lu^tion.  mat  «  i»  v  avxianac  wltcu  !«\5v-)!  is 
•  -  o  *  t 

flat  over  the  available  bandwidth.  In  terms  of  the  networks  sad  this 
mtucisiratioa  condition  requires  both  magnitude  functions  A^Cw}  sad  A^Cw)  to 
be  constants,  i.e.  the  filters  tie  all-pass. 

As  for  the  measure  of  duts'ion  equttions  (S)  aad  (6)  pertain. 

The  complete  parallel!*®  with  the  bandwidth  measure  is  iaaediately  evident. 

\L  (X)  is  the  complex  suta  correlation  of  the  spectrum  H(jw)  and  T  is  an 

T  o 

inverse  measure  of  the  width  ot  |  </<  * t {  Equation  (6)  states  s  relation, 
whose  proof  may  be  found  in  reference  Is,  which  holds  only  tor  noise-like 
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impulse  response*,  ntaely  thatj^(\)|is  approximately  equal  t«  the  sots- 
correlation  free tie*  of  the  real  part  of:  H(jw) .  Consequently  w  can  state 
that  the  duration  Tf.  *111  be  saxiaised  when  \ff  ^ C\)  decay*  rapidly  and  remain# 
•■all  with  increasing  X.  This  ceoditien  lap  lie*  that  Re  H(jo>)  be  a  "broad¬ 
band*  function  ot  w. 

We  are  aow  la  a  poeitioa  to  specify  wore  precisely  what  the  net¬ 
works  N,  sad  H2  Mould  be.  The  alli*ss  condition  has  already  been  mentioned. 
Using  the  fact  that  Re  H( Jw)  ■  coo  8  (<•) ,  the  wide-hand  condition  on  Re  H( jm) 
e^s  tz  act  uf  i asking  i he  p&a«e  *  non-linear iy  increasing  function  ot  w  over 
the  trsqwsscy  feud  Of  interest. 

In  order  to  get  an  intuitive  picture  of  these  ideas,  let  us  consider 
s  very  special,  phase  characteristic  for  N1 ,  a  concave  upward  curve  as  shown 
in  figure  then,  in  order  to  satisfy  the  conjugate  relationship,  N2  nest 
have  the  concave  downward  characteristic  which  ashes  the  of  the  two  equal 

to  the  linear  relation  giving  the  dejjv  oi  ;h*  The  r.ctVv.X  «,  iu 


Figure  2  Matched  Filter  Phase  Characteristics 
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excited  by  a  narrow  pulse  which  contains  all  frequencies  ot  interest  in 
essentially  equal  proportion.  Recall  now  that  the  slope  ot  the  phase  charac¬ 
teristic  at  a  certain  frequency  equals  the  delay  ot  the  frequency  group  which 
ia  a  narrow  band  ot  frequencies  located  at  that  point.  Therefore,  tor  the 
concave  phase  characteristic  the  low  frequencies  are  very  little  delayed 
whereat  the  higher  frequencies  are  more  delayed.  This  results  in  an  PM 
type  of  Inpulse  response.  Conversely  for  the  network  N^,  the  low  frequencies 
art  delayed  by  larger  smarts  than  the  high  frequencies  and  consequently  the 
caerf.y  is  conpressed  b*c>  into  a  pulse,  m  other  •ev.ds  its  actscri  ■  tf^ads 
the  enerev  of  the  pulse  out  in  tine  and  the  network  brings  it  hack  together 
again.  By  changing  the  phase  characteristics  of  the  network  to  a  different 
non-linear  fora  we  sorely  change  the  order  in  which  the  frequency  groups 
apftear  in  tim  and  by  asking  thie  order  we  get  the  effect  ot  a  randra 

were  fora. 

The  ges**»s  inbioich  to  the  design  of  tne  watched  filter  is  in 
terns  of  building-block  networks  which  are  cascaded  to  torn  the  filters 
and  N2>  We  find  it  convenient  beceaftei  to  speak  in  terns  ot  phase -slope  or 
delay  rather  than  phase.  The  first  graph  iw  Figure  3  shows  the  phase  charac¬ 
teristic  ot  a  typical  component  network  section.  The  derivative  of  phase  or 
delay  is  shewn  in  the  second  graph.  The  ouixaing-block  networks  are  all-pass 
and  they  differ  one  trow  the  other  in  that  their  delay  characteristics  are 
displaced  along  the  frequency  axis.  In  cascade  connections  transfer  functions 
are  mltiplied  and  delays  are  additive.  By  adding  a  sufficient  number  of 
delay  curves  ot  the  torn  shown  but  shifted  in  frequency  one  can  build  a  nearly 
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Figure  3  Network  Characteristic* 
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arbitrary  deity  function  in  filter  N^,  as,  for  exaaple  in  the  third  graph. 
Filter  li^  the*  includes  what  mu  additional  component  network*  are  required 
to  make  the  orerall  delay  uniform  over  the  band  of  interest.  Xt  ithotuld  be 
noted  that  the  building  blocks  need  not  be  nade  all  of  the  um  fom  al¬ 
though  It  nay  be  convenient  to  do  no  in  preetierr.  What  la  required  la  euffi 
cient  flexibility  in  the  component  network*  to  build  up  complicated  delay 
t unctions  in  which  exit  he  compensated  in  to  yield  a  uniform  delay. 

Several  other  points  are  worth  noting  from  the  lower  graph,  first, 
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range  or  the  delay  curve  i.e.  the  distance  between  its  natinan  and  nlninun 
points.  Secondly  wu  find  that  the  networks  act  notched  filters  tor  a 
United  frequency  band  only  at  indicated  by  the  constant  portion  of  the  over¬ 
all  delay  cun*.  With  thia  design  method  the  delay  will  almtya  drop  near  the 

edge  oi  the  band.  However,  since  the  filters  are  sll-^asa,  frequencies  within 

a#  well  as  outside  the  fraud  are  passed  without  attenuation.  Therefore,  in 

order  to  make  the  system  optimum  in  tha  presence  of  noise  a  sharp-cut-off 

.'f. 

filter  covering  tbs  bead  of  constant  delay  iwet  be  Inserted, 

BXPflRXW9ffax  MATCHRO  FILITR 

We  now  turn  to  a  particular  realisation  of  the  filter  which  was 
constructed  and  tested  in  the  laboratory.  The  network  design  is  based  on 
the  array  of  poles  and  zeroes  shown  in  Figure  4  which  represents  an  alliens 
delay-line.  The  system  is  all^ass  since  poles  and  20 roes  are  equally  spaced 
from  the  jM-nvis,  and  the  phase  is  essentially  a  linear  function  along  the 
frequency  axis.  The  building  blocks  in  this  case  are  the  networks  which  rea¬ 
lise  a  quadruplet  of  singularities,  ter  exaaple.  those  circled  in  the  diagram. 
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It  turn  out  that  the  spacing  between  singularities  along  the  januti*  is 
approximately  to  that  the  number  of  network  section*  required  is  of 
the  order  *T,  Bach  quadruplet  car.  be  realised  by  an  all-paaa  constant  - 
resistance  lattice  or  one  of  its  e  quire  lent  tons  as  shorn  ia  Figure  5. 

These  network*  may  be  cascaded  dirtctly  without  buffer  stages  since  the 
constant -resistance  input  impedance  of  one  toms  the  load  resistance  of 
the  preeeeding  network.  In  our  e:;pei  laental  aodel  we  used  the  first 
bridged -T  aquiealent  form  since  it  ha-j  only  two  coils  and  no  Mutual  in¬ 
ductance. 

The  experimental  model  was  for  a  rather  modest  IX  product  of  35 i 
a  delay  of  6  milliseconds  ore?  a  band-width  of  1  to  6.5  kilocycles.  Operation 
waa  restricted  to  this  law  frequency  range  tor  reasons  to  bo  diacuaaad  later. 
The  filter  was  constructed  wits  toroidal  coils  and  plastic  tain  capacitors 
of  1%  tolerance,  and  no  provisions  were  nade  for  aligning  sections  after 
assembly. 

A  set  of  toggle  switches  was  provided  fer  switching  each  of  the 
bridged-T  sections  either  into  the  transmitting  or  the  receiving  filter. 

This  nade  it  poe-ible  to  determine  the  variation  of  the  Mvefon*  between  the 
two  filters  as  network  sections  axe  switched  back  and  forth.  The  photographs 
in  Figure  6a  show  the  type  of  wavefoms  that  were  obtained.  These  waveforms 
were  not  handpicked ,  but  were  selected  by  a  random  procedure. 

The  appearance  of  tbe  signals  is  noise-like  as  was  anticipated. 

There  ia  a  tendency,  however,  tot  the  envelope  of  the  waveforms  to  peak  in 
the  center  of  tbe  interval.  This  ia  a  result  of  the  randon  selection  proce¬ 
dure  which  sake*  delays  near  the  halt -way  point  of  the  overall  delay  the  most 
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Figure  6a.  Figure  6a, 

Typical  Waveform* 


- 

!  * 

•  . t - tv- ‘v. 

' !  ‘  V 

J 

U--  r-rf — J  It 

V  •»***-%, 

J  ■ 

/ 

1  ,  . : 

Figure  6b  Figure  6c. 

Outcut  Fuite 


Figure  6d.  Figure  6e. 
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likely.  In  Figures  6k  end  6c  we  eh ew  the  output  pulse  from  the  filter, 
which,  ef  coerce,  is  independent  »f  hew  the  network  sections  are  distributed 
between  tnaenitter  and  receiver.  Ve  eee  Here  the  effect  of  the  imperfection* 
in  the  watched  filter  which  were  mentioned  earlier.  There  la  bath  a  highland 
a  lew-frequency  tipple  preeeoding  the  wain  output  pnlae.  This  ie  dee  to  the 
fact  that  the  delay  drape  below  the  design  vale*  wear  the  edge l  of  the  pftaa- 
ta ad. 

Figutes  6d  and  6*  above  the  eutpst  vavefotm  when  a  oianatched  signal 
in  applied  to  the  receiving  filter,  an  ripn  uu  the  sissttcittl  sigsel  wee 
especially  eeleeted  to  give  email  output  peaks,  whereat  Figure  be  enow*  a 
mismatched  output  far  which  the  input  waveform  mat  eeleeted  at  raafleu.  The 
lapat  pm  lac  late  the  tranaeitting  filter  was  bald  conataat  during  these  teats, 
thus  permitting  a  direct  amplitude  comparison  among  the  waveforms  of  Figures 
6c,  6d,  and  6e, 

It  world  be  d**1 raiii*  for  many  reason*  to  operate  a  system  of  this 

type  at  higher  frequencies  rather  them  in  the  madia  range.  However,  a  limit* 
at  ion  ie  Imposed,  1b  this  particular  design  at  any  rate,  by  the  Incidental 
dissipation  in  the  caila.  To  sea  bow  thia  comes  about  let  ua  refer  to  tbe 
pole-zero  configuration  of  Figure  4,  Ideally,  tbe  poles  and  zeroes  ere  equally 
spaced  from  tbe  imaginary  axis.  However,  the  inevitable  loose a  in  tbe  campon" 
eats  will  cause  a  shift  of  tbe  pole -zero  pais  to  tbe  left  by  an  amount  prop¬ 
ortional  to  the  frequency  divided  by  the  Q-factor  of  tbe  coil.  Ibis  will 
iutroduce  a  dip  la  the  amplitude  curve  of  the  network  section  at  tbe  frequency 
of  its  singularities,  thereby  destroying  the  all-pass  nature  of  the  filter. 
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Fr<M  the  conjugate  conditions  on  the  amplitude,  equation  (2),  vc  Clad  that 
the  affect  work*  u  the  opposite  direction  t roe  what  we  desire  of  a  matched 
titter,  i.e.  at  the  receiving  end  we  attenuate  those  spectral  hands  which 
are  accentuated  at  the  tranwitUz  and  vice-veraa.  In  the  present  design 
the  only  uny  to  counter  this  di it  acuity  is  to  ewploy  coils  with  as  high  a 
Q  as  possible.  The  frequency  imitation  cones  in  because  the  Q  requirement 
goes  up  in  direct! on  proportion  to  the  frequency.  We  are  now  operating  at 
the  liait  at  the  atate-of-the-srt  in  call*4  at  10  lie.  folding  the  same 
shift  in  the  pole-^cero  pattern  at  100  ke  implies  a  15  ten  tines  as  great, 
which  is  presently  not  obtainable. 

la  order  to  apply  the  phase -distortion  design  procedure  to  an 

I*c.-livviM./'-v«tuu,  vii.nci.eui  uuxuixng  fxoc&s  oust  oc  dc.v.iv^cd,  iueie 
aret  two  directions  in  which  this  can  go;  the  fxrst  is  to  find  conponenta  with 
low  losses  ss co  ss  crystals  or  ferrites  and  determine  if  it  is  possible  iron 
these  to  derive  a  building  block  with  the  desired  properties,  sad  the  second 
is  to  dsnign  building  blocks  in  such  a  fashion  that  the  losses  appear  ss  a 
flat  attenuation  over  the  whole  bsad  of  Interest  without  the  dip  previously 
Mentioned.  We  are  investigating  these  ideas  further  so  as  to  increa.se  the 
usefulness  of  the  phase  distortion  approach. 

AOWOlttJWMWX 

Vs  are  indebted  to  Frofeseor  B.  A.  Qnillemin  of  M.I.T,  who  was 
employed  by  helper  as  a  consultant  on  the  project,  tor  the  particular  resl- 
izstion  method  for  matched  filter  networks  described  above. 
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THE  UaE  OF  PULSE  CODING  TO  DISCRIMINATE 
AGAINST  CLUmR*  ( CONFIDENTIAL) 

Ro?er  Kanaaae** 

ABSTRACT 

This  paper  consider*  the  we  of  pul"**  coding  (or  pulse  compression)  la 
radar  to  obtain  improved  detection,  of  targets  in  clutter.  Cie  effectiveness 
of  tail  technique  depends  on  the  differing  spatial  character l*ti os  of  the 
target  and  clutter  in  contrast  with  tee  usual  Mil  vtl.cn  depends  on  th» 
differing  tlae-verying  properties,  With  the  as  adaptions  of  a  staple 
clutter  uc&el  and  an  appropr lately  optiairvd  receiver,  and  with  thft  aid  of 
known  results  in  detection  theory,  ae  evpr«*o1r>n  is  derived  for  the  *li»gie- 
pulae  detection  capability  cf  a  radar  operating  In  the  piasjace  of  Loth 
clutter  and  additive  white  receiver  nm sc  Ftixh  the  expression  H  is  seen 
that,  detection  eerfnneanra  i  a  eixulv  rt  iated  rr  >r?f"rnB  nC  the 

trenmeitted  signal  and,  generally  speaking,  :*prv»es  «  the  bandwidth  of 
tha  transmitted  signal  is  increased  Results  for  clutter  noise  only  or 
receiver  noise  only  appear  as  special  cases.  The  implications  of  these 
results  for  pulse  coding  (or  pulse  compression)  la  radar  a re  discussed. 

• 

Tha  research  in  this  document  was  nurported  jointly  by  the  Amy,  levy, 
and  Air  force  under  contract  with  the  Massachusetts  Institute  of 
Technology. 
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1,  Introduction 

Before  proceeding  with  a  theoretical  discussion  of  the  applicability 
of  pule*  coding  to  obtaining  improved  radar  detection  of  targets  in 
clutter,  let,  ue  eoreirtar  briefly  the  connection  between  the  tents  "pulse 
coding"  and  "pulse  cotaprcssion . " 

For  a  radar  receiver  operating  in  the  presence  of  additive  white 
gauss Ian  noise,  nuderu  statistical  detection  theory  indicates  that 
optima  receiver  performance  can  be  obtained  with  the  aid  of  a  linear 

i n boi  truj-uu  it  inAvuid  to  tiie  expected  i Oder  return,  a  filler  «tlch  hem 


a  unit  uvulae  response  which  is  simply  a  time  inserted  replica  of  the 
expected  radar  return,  ’  The  signal  s(tj  and  noise  are  fed  into  a 
matched  filter  with  uiiit  tapulae  response  h(t)  •  *(T  -  t). 


MATCHED  riLTEH 

hft)  =  p(T  -  t) 

,)  +  coise 

, ,*■ -2TifT 

ayi  ;  -  t?\*  :  t 

1 


-r 


-It) 


Figure  1 

T  la  aa  arbitrary  time  delay  factor  chosen  so  that  h(t)  satisfies  the 
realizability  condition 


h(t)  *  0  for  t  <  0 


In  the  frequency  iosaln  the  filter  response  la  given  by  ths  expression 
shown  in  Fig.  1,  where  E(f)  and  s(f^  are  the  Fourier  transform*  of  b(t) 
and  s(t),  respectively,  Then  the  output  of  the  matched  filter  y(t)  is 
equal  to  the  convolution  of  a{t)  vit,h  h(t)  plus  a  moist  turn. 
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y(t) 


s(s)h(t  -  i)ds  +  noise 


t  +  z)d.z  +  noise 


-  ♦<*  -  t)  +  noise 

where  p(t)  la  the  autocorrelation  function  of  a(t).  Detection  la 
performed  at  approximately  time  t  -  T  vhere  the  signal  autocorrelation 
function  at  tha  output  of  tha  filter  ra&ehea  itu  peak. 

tT&iSf  the  the  *+<?*1*1  ttg  flltee  *3 vwrra  nramlne 

matched  to  a  delayed  rwplioa  of  the  transmitted  elgiual,  the  signal 
pulse  at  the  output  of  the  matched  filter  will  always  he  the  auto¬ 
correlation  function,  of  the  transmitted  signal.  If,  for  various  reasons, 
we  desire  to  Have  (in  earns  mease/  is  nUnDnaisuas  iaaniuB  inics  is 
short  compared  to  the  transmitted  pulse  length,  it  will  be  necessary  to 
code,  i.e.  amplitude  and  phase  modulate,  the  transmitted  pulse  in  order 
to  Increase  Its  bandwidth  appreciably  beyond  that  for  the  encoded  pulse." 
Pulse  compression,  a  tens  taken  to  refer  to  a  proce.-s  whereby  a  relatively 
long  low  amplitude  pulse  Is  converted  to  a  relatival y  shu  t  high  amplitude 
pulse,  is  brought  about  automatically  by  the  matched  filter  Wien  the 
transmitted  pulse  has  been  coded.  Thus,  for  our  purposes,  thi  terns 
"pulse  compression"  and  "pulse  coding'1  are  synonymous  and  the  terms  cen 
be  used  interchangeably . 


# 

Recalling  that  the  autocorrelation  function  ia  the  Fourier  transform  of 
of  the  signal  energy  speotna,  ww  see  that  the  requirements  on  the  shape 
of  the  output  pulse  can  be  expressed  la  terms  of  requirmeests  on  the  shape 
of  the  sigo&l  energy  spectrm. 
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A  amber  of  possible  Advantages  can  be  cited  for  the  use  of  puls# 
compression  or  pulse  coding  in  radar.  Among  them  wo  hare 

1.  Increased  range  capability  with  the  use  of  longer  radar 
pulses  while  range  accuracy  and  resolution  are  maintained 
or  improved  over  that  attainable  with  a  short  uncoded  pulao. 

2.  Increased  capability  against  jamming, 

3-  Increased  ability  to  maintain  a  constant  false  *1*™  rate 
in  the  receiver. 

U.  And,  in  curtain  situations,  e'ran  the  ability  to  Abtaln 
reduced  receiver  ccnpleyl+y  wham  special  types  of  pulse 
coding  are  u»ed- 

ThC  p  V  !  1  1  i  *  .  r  I*  .......  *  I  ..  ..  <  wll  .  "  '  I  .  !  *  1  M  ■  H'".  1  ,,h  r.f*  7  ?>«  T 

clutter  through  the  use  of  pulse  nauprcool.^,  which  is  the  subject  of  this 
paper,  was  suggested  t,o  the  author  by  Dr,  Robert  ?,  Raka  of  the  M.I.T. 
Lincoln  xanoratory. 

II.  Analysis  of  the  Problem 

i 

Let  us  now  consider  a  conventional  pulsed  radar  in  which  the  doppler 

shift  on  a  single  radar  pulre  is  negligible:  That  is,  the  signal  pulse 

reflected  from  a  point  target  Is  simply  a  delayed  and  attenuated  version 

of  the  transmitted  pulse.  On  the  sweep  return  from  a  single  pulse,  then, 

we  completely  ignore  the  time-varying  properties  of  both  the  target  and 

4 

the  clutter.  Following  the  procedure  used  by  George,  the  space  surrounding 
the  radar,  appropriately  weighted  with  the  antenna  beam  pattern,  may  be 


i 
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ft war*  & 

The  truolttv  generate*  the  transmitted  pulae,  denoted  u(t),  which  Is 
an  reflected  free  objects  In  the  space  rurrouading  the  radar.  This 
process  Is  equivalent  to  passing  *j(t )  through  the  filter  W(t)  to  produce 
the  reflected  save  fore.  v(t)  vhlch  present*  Itself  to  the  receiver  *w«; 
with  receiver*  noise,  where  v(t)  is  given  oy  . 


I  A  .  • 

-  j  HW.»V  - 


Ve  can  Imagine,  without  loss  of  generality,  that  u(t)  Is  generated  la  the 
transmitter  by  sending  a  spike  or  6- function  into  a  filter  with  lnpulse 

response  u(t),  and  the  above  block  diagram  is  equivalent  to  the  following. 

HKKZVS8 
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Figure  3 
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because  the  frequency  response  function  of  the  first  tvo  filters  taken 
In  eerie*  Is  eiaply  the  product  of  the  frequency  response  function*  for 
the  separate  filters,  these  tvo  filters  tuy  be  inter  changed  without 
effecting  v(t). 
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Figure  k 

In  ordei  to  proceed  further  ve  vast  assvne  a  aodel  for  the  clutter 
U“  *nr  rmrrv-n*  nt  IUmWsIB  th»t  the  Cjtftter  consists 

of  a  laru«  raewimay  Aistribwted  ersenhle  of  very  ssr-.U  LedepeadLent  point 
•ontterers,  Tb»t.  is. 


W(t) 


A8(t  - 


Signal 

tern 


Clutter  noise 
ter* 


The  first  term  is  the  response  of  the  point  target  to  a  transmitted 
5- function.  The  amplitude  A  is  finite,  corresponding  to  the  fact  that 
the  cross  section  is  finite,  while  the  time  delay  measures  the  range 
of  the  target.  The  second  ttrm  represents  the  clutter  response  to  a 
5'fuaction  and  i#  «  <•’«  of  "i<propri**-riy  amplitude  weighted  <ud  delayed 
5- functions  corresponding  to  t.be  point  soatterers  of  the  cl'ltter  aodel. 
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t**#  a.  *■  uni  t,  '*  are  taken  to /be  independent  random  variable#.  Consider 

&  A 

an  interval  of  iw^,  sufficiently  Mall  so  that  the  inverse  fourth  power 

of  range  and  other  geouetrioal  factors  r*n  be  ignored  across  the  interval. 

Then  the  t^'s  are  imifcmly  distributed  acroae  the  .interval.  Letting  our 

aodel  for  clutter  approach  the  }!.».it  in  which  the  distribution  of  t^'s 

over  the  interval  is  infinitely  dense  dnd  the  are  inflniteslaal,  we 

obtain  *  pr*y«aa  which  is,  nethmsti rally,  exactly  analogous  to  the  shot 
5 

effect.  Thus,  the  clutter  noise  at  the  input  to  the  filter  u(t)  in 
Vlg.  k  is  equivalent  to  white  gaussian  noise, 

Then  v(t,l,  vbicfc  l*  the  output  of  the  u(l)  filter  and  t*  the  «*«*age 


to  the  radar  receiver ,  i#  giv*»?>  by 


v(t) 


Ay(+  *  +  )  1  a  (*) 

l  #  j  l  C 


Signal 


C’ utter 
noise 


where  a  (t)  io  the  result  of  passing  white  gauaslao  clutter  noise  through 
c 

the  y(t)  filter..  *h+  u *  ♦ )  h*#  a  irpftctrml  transfer  function 

{H  vftn  hy  |0(.*'.|2;  ft  fO  ia  slsrp’v  colored  pnwalaa  noise  with  paver 

spectrus  1(f)  which  is  proportional  U>  U»  energy  spectn»  of  the 
c 

* 

tr*JtttiLLLt*i  filgtai.  i s, 


Ic(f>  -  cjtj(f)|? 

where  c  is  a  proportionality  constant  which  depend*  w  the  intensity  of 
the  clutter.  Adding  the  colored  noise.  frc*a  the  clutter  to  the  additive 

This  fact  has  been  noted  by  Lavr-m  and  UhlonJieck,  reference  6. 
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white  geusaian  receiver  nolee  with  noise  power  per  cycle  F^/2,  and  noting 
that  theoe  two  noises  are.  independent,  the  result  is  colored  gausslan  noise 
.with  poser  spectra*  B(f)f 

i(f)  *  y  *  c!u(f)ls 

Wit  prohlcsi  presented  to  the  receiver  is  that  of  detecting  the 
returned  radar  signal  Ao(t  -  t-  )  In  the  pretence  of  colored  gausslan  noise. 

T  k  ’ 

Dynrk  aid.  later  George  have  Independently  extended  signal  detectability 

theory  to  include  the  cane  of  a  known  ritual  is  colored  aft  US*  lac  SSOlS*. 

! 

If  3(i)  ifc  the  voltage  specLrue  of  the  signal  awl  K(f)  is  the  power  apeutrvn 
of  the  noise ;  they  have  shown  that  the  transfer  function  of  the  optimum 

filter  is  given  by 


S»(f 


-ffriff 


Where  T  la  a  oonveniently  chaspn  tisnr  delay.  Bote  that  in  the  White  noise 
case  1(f)  is  e  constant  and  the  .above  expression  becomes  the  transfer 
function  02  ♦■he  usual,  matched  (liter.  The  above  filter  is  roaJQy  the 

i 

generalisation  of  th-e  switched  filter  to  the  colored  noise  case.  The  p4nh 
slgnal-to-noise  power  ratio  obtained  with  the  above  filter  is  given  by 


For  our  probls 


5(F)  «-  j  Any l  •  t,  )e 


'^1ft  hi  -  AU  lt)e‘2vittB 


osdL 


|s(r)  Is  ..  A2|u(f)|2 


Also,  reoalling  that  1(f)  -  -  g  +  e|tf(f)|2  and  eubstitutifg  la  the  shore 
expression,  re  hare 


r _ is 

J  i  f  4. 
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n*  quantity  (a/i)^  la  a  food  aaaattre  of  the  elafle  pulse  detection 
capability  which  la  available  Tran  the  optima  rocelrer,*  therefore,  la 
order  to  aasuuxe  the  detection  capability  ve  nust  choose,  the  pamwtera 
v£  uua  rauar  ays  6  we  to  taai.,. (wa)  we  constants  A  aid  o  are 
detenlaed  by  the  nature  of  the  target,  the  clutter  end  the  gee— trlcal 
parameters  of  the  systaa.  Is.  this  discuselPB  we  essum  that  these 
pexnaetera  are  act  at  our  disposal. 


Per  as  esaetly’hastm  elgisl ,  (probability  of  detection)  .eraim 

(probability  of  false  alara)  errrea  gives  Is  reference  3  can  be  seed 
It  one  replaced  3t/Mn  by  (B/>)  In  practice,  the  returned  radar 
signal  Is  not  exactly  urn  because  of  unknown  parameter*  such  aa  tine 
delay.  For  a  glrsn  PD  these  imknown  peraaeters  have  the  effect  of 
Increasing  the  false  alam  rate  by  ea  saouat  which  may  depend  on  the 
shape  of  trananitted  signal  were  form.  How  or  or,  for  the  level  at  which 
nost  radars  operate  the  Increase  la  false  alua  rate  introduced  by 
thee*  unknown  p&raaeters  don*  aot  seriously  degrade  the  signal  detectability. 


{ • 
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It  la  of  great  interest  to  detexatae  the  dependence  at'  W«<wt  - 
U(f ),  that  is,  the  dependence  of  the  signal  dntactnbility  on  the  transnltted 
signal  vavsfom.  fhere  art  imr*l  conclusions  vhioh  are  lmnedlataly 
apparent  fi'am  ths  **pr*saion  for  (3/1)^. 

1.  When  no  clutter  is  presaat,  that  is  when  e  ■  0,  (s/h)^ 
depends  only  on  the  ratio  of  the  signal  energy  to  noise 
poser  per  cycle  at  the  receiver.  Zharefore  vs  hare  the 
seU-haom  result  that  the  detection  oapihlllty  dapeads 
only  on  the  energy  of  the  tranmii>«£  pales  i&t  r—t 

its  shape. 

2.  Zb  the  Unit  shore  internal  noise  is  negligible,  that  is 
store  IA  «  0  (or  store  the  clutter  return  orerposers  the 
receiver  noise),  the  Integrand  Is  a  coast  eat  sad  (8/*)^ 
depends  only  on  the  effective  system  baadsldtb.  Ais 

L  *% 

fact  hss  >-cu-T'  wUntfsA  oat  hr  Georc**  #**d  Orkoelti. 

In  particular,  the  detectability  doea  not  depeal  on  the 
traasnitted  pulse  energy. 

If  there  ere  no  restriaticaa  on  pulse  energy  sad  pulse  bandwidth, 
it  le  also  clear  free  the  shore  expression  that  (S/*)^  ess  be  wads  as 
large  es  vs  please  by  choosing  ju(i’)  j2  t *  be  sufficiently  broad  and  flat 
versus  frequency.  For  the  purpose  of  this  saalyeirf  hcveror,  u*e 


Ibis  conclusion  depends  critically  on  the  clutter  aodel  which  has 
been  as  erased.  In  a  practical  radar  situation  the  conclusion  siy  not 
hold  because  of  the  discrete  or  granular  nature  of  the  clutter. 

_'P8- 
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requir«sw».v»  CSX  the  shape  Of  ths  traaaaitted  p»J«  can  be  derived  by 
■uCbnlalhg  (S/I)^  mfcjeot  to  the  reqsrtrenentt  that  the  pulse  energy  and 
pulsa  bandwidth  are  fined.  that  is. 


I 


|u(f)j2df  ■  X  (a  finite  constant) 


and 


IT(f)  »  0  naless  t ^  &  t  &  t £  or  -ffi  £  f  5 


where  tst  -  f  ,  -  is  called,  the  available  syetea  bandwidth.  the 
aealatiiatiaa  of  (s/l)^  La  •  atraigh fcforaard  problsa  in  the  calculus  of 
vuu.cn  jnaias  a  vary  su^ie  amSUAW.  lb  **/•  biuU  Uw  apectrtai 


of  the  traaahttted  pulse  should  be  flat  over  the  available  fregsmscy 
baart.  This  rusult  is  indapeadaat  of  the  constant  e,  and  hoses  is 
iudepesdant  of  vhst  flraotic*.  of  the  noise  is  dine  to  the  receiver  and 
ehat  fraction  is  due  to  the  clutter.  Thus,  n  transited  pulse  "hi eh 
has  a  flat  spectra*  ever  the;  svailabls  syetosi  bandwidth  is  optima  under 
the  eeeuaeil  restrictions  both  at  short  rang**  uhere  clutter  noise  tends 
to  gredfriaatft  end  at  long  ranges  where  thexml  noise  tends  to  pi «*uss±nate . 
PareathetiouUy  it  say  be  renarked  that  the  reqaireneaf  vhlch  ban  been 
derived  oa  the  spectrin  of  the  traaunsitted  pulse  are  identical  to  the 
raquirweats  which  would  be  derived  by  sdninizing  J *(t/^dfc,  the  integral 
of  the  squared  sutocorrelation  function,  subject  to  the  sane 


rastrietions. 


p 

Ihe  optimised  pulse  energy  spectral  |U(f)j  should  therefor*:  tn»tiu."y 

f 

B/2Af  for  t  in  Of 

Nf)l2  -  < 

(  0  OyftTVllJe 

\ 

Substituting  thin  la  the  expression  far  (S/I)  ^-va  obtain 
^s/*^opt,cpt  “  9^“*  d/&£ 

Th»  opt, opt  denotes  the  fact  that  a/1  has  been  optimised  Loth  with  respect 
to  the  choice  of  receiving  filter  and.  shape  of  transmitted  waveform .  Trm 
this  egression  the  damirability  of  haw  lag  large  Ai  in  ord^r  U>  triatfa!  r»* 
th«  effect  of  clutter  noise  and  large  B  to  minimise  the  effect  of  veeeiv-r 


? 

J 


noise  la  evident.  For  •  pulse  radar  which  le  peak  power  United  B  will  be- 
proportional  to  the  pulse  length.  These  two  requirements,  large  iiyvtem 

MiMiriaui  a«»i  lung  pulse  length,  .uqplk  vhav  til*  *t  iinimi  ttwu  pul»n  miwuIu 

have  large  tine-bendwidth  product.  In  other  words,  the  transmitted  pulse 
must  be  coded  or  phase  modulated  to  produce  a  tine-bandwidth  product 
substantially  greater  thaw  unity.  For  the  optimised  pulse  energy  spectTum 
the  returned  clutter  noise  apectrun  as  well  as  receiver  noise  will  be  flat 
over  the  signal,  bandwidth  and  therefore  the  optima  receiver  filter  must, 
be  the  usual  aatohod  inter  which  results  from  the  asstsaption  of  white 
gauaeian  background  noise.  Ore  signal  ware for®  which  approximately 
satisfies  the  optimum  ijonditions  derived  here  is  a  puloe  vttb  rectangular 
envelope  end  a  carrier  with  linearly  swept  frequency,  where  the  pulse 

1  nrjiHVi  -v..\  !Vam\aBcy  Wiw.  nj-  ~'.'rh  »hnt.  the  ♦.(■•-KipilvHfh  product  of  tfc" 


pulse  la  such  larger  than  one. 
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Zt  Is  of  interest  to  uk  vist  ut 


of  the  basic  limitations  au 


the  pv'lse  ooiljvi  ur  pulse  ecnprsssion  technique  <j  a  nasni  for  obtaining 
Improved  detection  of  target*  in  clutter.  Aside  .free  Obvious  practical 
difficulties  associated  with  obtaining  transmitting  and  receiving  electronic 
cnvewBts  to  Iwertle  wider  bandwidth  signal »,  there  are  basic  imitations 


detailed 


of  clutter 


iahermt  rrmnlaritv  of  the  clutter  which  rar 


till  set  at 


take  into 


at 


utilised  la  the  dlsanadautioa  against  clutter,  tar  finely  divided  sad 
randomly  distributed  types  of  clutter  such  as  precipitation  {and  to  sobs 
e**«st  chaff)  the  reefs!  rywtea  bandwidth  df  is  probably  quite  largo,  but 

*n>r  nwmS  •!•**»,  «**-h  ir  SSt  C5  Vwll  bchiY™  Uuiwu  uf 

of  largo  point  soatterers  (large  rocks,  cliffs,  buildings,  watertowere, 
etc.),  the  ufi«ful  df  say  be  ouch  sue  Her.  A  seoood  imitation  on  df  i§ 
uua  to  um  fact  son  use  target  itself  is  not  a  point,  but  Is  actually  a 


distributed  soatterer.  Reasonable  target  dimensions  suggest  a  useful 
systs*  baadeldth  la  the  vicinity  of  10  no. 

What  about  the  eoapatibillty  of  pains  compression  techniques  with 
pulM-to-pulse  integration  techniques  employing  sm  provided  that  the 
pulse  oodlng  does  sot  < ■image  free  one  pulse  to  the  next,  pulse  phase  at 
the  output  of  the  Hatched  filter  r  Taint  a  sell -defined  quantity  which 
nay  be  canpared  on  *  pulss-to-pu3.se  basis,  fbns,  in  principle,  pulse 
eaujpmaicm  and  J*K  are  ocupatible.  Zn  pulsed  doppler  systems  range 
gating  or  isqil  1  ng  followed  by  filtering  oaa  be  euployed  at  the  output  of 


Jr-7‘  9o 


f,  •  ■ 

the  matched  filter,  tat  the  maoer  of  nag*  processing  channels  will  h»n 
to  oosreepand  appro  jflnetely  to  th*  effective  number  of  resolvable  nap 
intervals.  the  greeter  the  bandwidth  of  the  transmitted  puieee,  the 
greater  Hut  he  the  wtahar  of  reage  processing  ehaaaele.  Thu,  ait 
pmetlcal  patter  for  this  type  of  data  processing,  pelee  ocmp ressiom  mil 
reqelre  increased  receiver  cooploxlt/.  KFZ  eefan  employing  tao-pelee 
or  save ral-palse  a— ellatlon  arid  integration  ehooid  ad t  fijave  to  be 
MeUfte*  if  the  dal—  11m*  ead  asscdeted  electronics 
an— nmnnta  ia  the  data  pme«Miac  h*rw  sufficient  h— aeldth  to  nine— aitele 
the  oodad  pwlsee. 

The  MM  of  Jen  ead  pale#  oa— remain*  slmwitawamialy  to  dlseriadnats 
neiniv  ulewtei  wyM-i  tv  prss« at  a  fortuitous  ggabteiiwitt  *rrr  poneny 
a  type  of  clatter  which  responds  poorly  to  one  tectaalqp*  ehcnld  iwapond 
well  to  the  other.  For  erne— &«,  precipitation  or  chaff  ahlcfa  no-times 
re—  retfr  poorly  to  0X  because  at  ita  ioe-uro  velocity  — sold  re— ead 
veil  to  the  poise  coding,  while  ground  clutter  which,  became ■  of  ita 
spatial  properties,  a—  re— ead  poorly  to  pulse  nodi  eg  will  reapcmd  very 
well  to  sen. 
m«  ftSSSSL 

the  type  of  clatter  dlearlalnatlca  which  we  have  discussed  here  la 
obtained  by  virtue  of  the  spatial  properties  of  the  clutter  rather  than 
Its  time-varying  properties,  ns  with  Jffl.  using  a  coenreoieat  modal 
— pUcabla  to  finely  distributed  clatter  ead  proceeding  from  available 

ji-wealU  us  the  iatsctics  of  s  Sasun  signal  ia  color—.  gwnealau  nnlaa,  we 

have  set  —  an  e— ressloa  for  the  single  pulse  detection  capability  for  a 
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radar  operating  la  tha  presence  of  both  receiver  noise  and  clutter  noise. 

for  detection  capability  in  the  preeence  of  predominantly  clutter 
or  prodoml neatly  receiver  noiae  appear  a?  special  caeca  of  this  expression 
From  the  expression  n  have  seen  that  detection  perfomsnr*  la  slaply 
related  to  the  spuctna  of  the  transmitted  signal.  Subject  to  the 
requirement  of  fixed  transmitted  signal  energy  and  fixed  system  bandwidth, 
ve  have  seen  that  the  optima  cpectrun  tor  the  transmitted  pules  is  one 
which  la  flat  over  tae  avaUehle  cyst*  bandwidth  and  that  this  optimum  is 
Imdepeademt  of  the  relative  strength  of  receiver  and  clutter  noise.  Tor 
a  radar  whose  transmitter  i*i  peak  power  limited,  the  logical  result  of 
these  cumaiderationa  is  a  pulse  with  large  tlmn  -bandwidth  product  ,  la 
uwmm  «Mti»  «  uwUd  pulse.  'j!s  hare  sxntics*rt  Tnr.t  r*n»  '>‘r 

'■.n'rojdmately  real  It  lag  the  optimum  pulse  spectrum  is  a  linearly  swept 
FM  pulse  with  rectangular  nsvalope  and  large  time -bandwidth  product  , 
lastly,  it  has  been  point'd  out  that  pulse  coding  and  MfX  are  not  mutually 
exclusive  radar  techniques.  In  fact,  when  used  together  they  should  form 
a  powerful  osmbiajition  for  the  purpose  of  obtaining  Improved  detection  of 
target?,  la  clutter, 

IV.  ActowlcdKSgsut 

Thu  author  is  indebted  to  Dr.  Robert  T.  Befca  who  suggested  the 
application  of  pulse  coding  discussed  hers,  the  author  is  also  indebted 
to  Hr.  Edwin  L.  Key  for  helpful  discussions  relating  to  this  material. 
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Introduction 


To  achieve  high  range  resolution  In  a  conven¬ 
tional  radar,  short,  high  peak  power  pulses  are  required. 

The  generation  of  these  pulses  is  a  difficult  problem 
limited  by  practical  considerations.  It  is  believed 
possible  to  avoid  some  of  these  problems  by  employing  the 
CHI  HP  principle.  The  rsr.gc  performance  of  a  radar  is 
limited  by  the  stgnal-to-noise  capability  of  the  system 
and  hence,  is  a  function  of  the  average  transmitted  power 
and  the  receiver  noise  figure.  In  a  CHIRP  radar,  a  long, 
relatively  low  peak  power,  frequency  modulated  pulse  is 
transmitted  to  obtain  high  average  power.  High  range  re¬ 
solution,  comparable  to  a  very  short  pulse  system,  is,  rea¬ 
lized  by  collapsing  tha  received  pulse  to  a  short  duration 
pulse  before  it  is  displayed  in  the  indicator. 

The  CHIRP  principle  which  makes  this  possible  is 
illustrated  in  its  simplest  form  by  Figure  1.  The  linear 
fwwiMM  wrwl-.tlsfcAd  •  *ve  shown  at  the  bottom  of  the  figure  1 
is  applied  to  a  netw  me  wn^cn  ns*  wie  uexay  uepxuteu  at 
the  Lop  of  the  figure.  Thus  instantaneous  frequency  fx 

is  delayed  by, t1,  fg  by  t2,  etc.  The  net  result  Js  an 

output  shown  at  the  far  right  of  Figure  1.  The  original 

ioiig  his  been  •7‘?.!lepw“d  i  nf,n  n  t»ncr»4,,«r,  v, *  am¬ 

plitude  pulse. 

This  principle  and  its  ramifications  can  be 
credited  to  several  people.  Among  the  early  patent 
holders  are  Nr.  Amos  Dickey  of  the  kassaohusetts  In¬ 
stitute  of  Technology  and  Mr:  Sidney  Darlington  of  the 
Bell  Telephone  Laboratories .  Although  the  principle 
was  conceived  quite  a  few  years  ago,  lack  of  wide* band 
microwave  transmitting  tubes  prevented  radar  applica¬ 
tions  from  being  developed.  With  the  broadening  re¬ 
search  activity  on  traveling  wave  amplifiers  in  the  past 
few  years,  radar-applications  of  the  CHIRP  principle  have 
become  a  possibility.  In  mid- 1955  Contract  AF33( 616) -2847 
was  awarded  to  the  Bell  Telephone  laboratories  to  explore 
the  radar  system  applications  of  frequency  dispersive 
techniques.  This  contract  is  under  the  Jurisdiction  of 
the  Weapons  Guidance  Laboratory,  WCLOO-4,  at  Wright- 
Fat  t  era  on  Air  Force  Base, 
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Since  the  origination  of'  the  contract,  consider-  ' 
able  analytical  and  experimental  investigations  have  been 
performed  to  substantiate  early  evidence  of  the  practical¬ 
ity  of  a  CHIRP  radar  system. 

Baslo  Theory 

The  theory  to  be  presented  is  a  survey  of  Borne 
of  the  analytical  work  done  on  this  project.  It  is  not 
intended  to  be  mathematically  rigorous  since  a  general 
presentation  of  the  principles  involved,  rather  than  the 
pure  mathematical  mechanics,  is  thought  to  be  more  useful 
to  the  audience.  Also,  much  of  the  detailed  analysis  is 
presented  in  the  quarterly  engineering  reporte  prepared 
for  this  contract. 

If  a  frequency  modulated  pulse  which  has  the 
characteristics  shown  in  figure  ^(a),  l.e.,  rectangular 
envelope  and  linear  frequency  modulation  during  the  pulse 
is  impressed  upon  the  input  to  a  lossless  network  ahich 
has  the  characteristics  Bhown  in  Figure  2(b);  some  rather 
interesting  and  useful  properties  are  exhibited  by  the 
network  output  pulse  shown  In  Figure  2(c).  Basically, 
ail  frequencies  contained  in  the  input  pulse  have  had 

cneijf  pim&eb  refcuu'eui&eu  mu  w»ai.  tiiejr  iunu  bu  emutgc 

from  the  network  at  approximately  the  same  time.  Early 
low  frequency  portions  of  the  input  pulse  are  delayed 
longer  and  are  effectively  overtaken  by  the  higher  fre¬ 
quency  portions  occuring  later  in  the  pulse.  The  net 
tv’sv.:*  5  -jit  ™>TP"i  y.riir-n  muy  n-  nuiue  cons Iderabl V 

shorter  in  duration  and  higher  in  amplitude.  Thus,  it 
is  possible  to  start  With  a  relatively  long  frequency 
modulated  pulse  and,  after  going  through  a  passive  net¬ 
work,  have  a  higher  amplitude,  shorter  outc-e  pulse. 

Soma  of  the  interesting  properties  of  the  output  pulse 

^  -  Til  tu  .  4  ~_««  4.  ^..1  «.  «.  U  «.  n  M  n«  1  M«.w  -  4»  r>m 

L  KJ.L  A.' f  ft  r  11  tHC  11  *pU  U  ^‘U  ISC  i  itlO  m  ^UAUb  A  WUft  toil  W*  a  ^ 

microseconds  and  a  total  frequency  swing  of  A  mega¬ 
cycles,  the  output  pulse  has  a  pulse  length  at  the  -Mb 

points  of  ^  microseconds  and  is  increased  in  peak  ampli¬ 
tude  by  a  factor  of  y/ifL  .  However,  these  characteris¬ 
tics  are  gained  at  the  cost  of  time  or  range  side  lobes 
on  the  output  pulse.  It  can  be  shown  me thematically  that 
the  output  of  the  network  under  the  previously  given  con¬ 
ditions  takes  the  form  of  .  The  first  side  lobes 

on  the  range  pulse  are  down  13db  from  the  peak. 
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The  question,  arises  as  to  whether  side  lobes,  of 
this  level  can  be  tolerated  and  If  not,  what  can  be  done 
to  decrease  them.  In  many  applications,  it  is  important 
that  these  side  lobes  be  decreased  aa  much  as  possible. 
Therefore,  analytical  studies  Were  made  to  see  what  could 
be  done  tc  reduce  the  side  lobes  to  a  tolerable  level.  If 
one  recognizes  the  analogy  between  the  rectangular  frequency 

modulated  input  pulse  which  gives  a  — output  pulse  and 
the  rectangular  current  distribution  id  an  antenna  which 
gives  spatial  far  field  radiation  pa'-.tem;  some  re¬ 

sults  of  antenna  theory  are  very  useful.  Using  this  ana¬ 
logy,  shaping  of  the  frequency  modulated  input  pulse  en¬ 
velope  should  give  a  reduction  in  the  time  side  lobes  on 
the  output  pulse.  This  has  bean  shown  to  be  correct  and 
analytical  results  have  been  obtained  variou*  types  of 
shaping  networks,  nils  shaping  can  be  periormcu  by  passing 
the  CHIRP  signal  through  e  phase  equalized  loss  network 
either  before  or  after  it  lp  collapsed.  Shaping  widens  the 
output  pulse  but  this  effect  is  not  serious  for  a  side  lobe 
reduction  of  approximately  lOdb  which  is  being  considered. 

A  possible  means  of  using  the  CHIRP  principle 
Just  utoO.-iiicd  io  sr.o’..r.  in  l.gure  j.  a*  a  sunpi.ui.ea 

block  diagram  of  a  CIURF  radar  using  an  active  frequency 
modulated  generator.  The  required  frequency  modulated 
pulse  Obtained  by  applying  a  ihaped  voltage  pulse  to 
the  reflector  of  a  klystron  or  any  other  suitable  device. 
t>i*»  r.«"'  ny  equalizer  is  in  the  receiving  branch  of  the 
radar,  it  could  «1bo  include  a  shaping  network.  Thus, 
a  long  frequency  modulated  signal  can  be-  transmitted,  and 
a  short  video  signal  used  in  the  display. 


Certain  Byatem  considerations  have  shown  the 


w  Chv»<*C 


4*,«4- 

U  - 


able  for  high  resolution  applications.  The  following 
method  appears  to  be  a  more  suitable  way  to  obtain  the 
required  CHIRP  signal  for  these  applications,  Since  the 
delay,  equalizer  is  a  bi-directional  network,  what  happens 
If  a  Bhort  pulBe  is  impressed  upon  the  input  of  the  net¬ 
work?  As  might  be  suspected,  Just  the  reverse  cf  collaps¬ 
ing  occurs;  the  pulse  ic  dispersed  by  the  network.  This 
has  been  shown  both  experimentally  and  analytically.  If 
a  short  pulse  is  presented  to  the  delay  equaliser  input, 
the  output  pulse  is  spread  out  in  time  and  possesses  fre¬ 
quency  modulation.  For  the  linear  time  delay  network 
already  described,  the  frequency  modulation  is  linear 
with  the  frequencies  which  are  delayed  least  (high  fre¬ 
quencies)  occurring  earliest  in  the  network  output  pulse. 
This  is  Just  the  reverse  of  the  frequency  modulated  signal 
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previously  described  se  the  collapsing  network  n^h.tbe 
altered  to  have  ;»n  equal,  tut  opposite  bIod*. 

a  simplified  system  using  passive  generation 
is  shown  in  the  block  diagram  of  Figure  4,  The  frequency 
modulated  transmitter  signal  is  obtained  by  passing  a 
short  pulse  through,  a  dispersing  delay  network  and  after 
suitable  amplification,  it. is  radiated  to  the  target.  The 
refleoted  signal  is  amplified  and  passed  through  a  collap¬ 
sing  delay  network  whose  slope  is  equal  and  opposite  to  the 
transmission  network's  slope.  After  the  signal  la'oellapsed 
and  demodulated,  it  ia  presented  to  a  suitable  dlaplsQr, 

System  Status 

Early  experimental  work  led  to  the  conclusion 

tHatr  preliminary  results  would  be  obtained  more  rapidly 
if  the  rsauired  cjrrup  signs!  fcrc 

generated  in  a  klystron  or  similar  voltage  tunable  device. 

A  klystron  was  slwMit  and  work  went  on  to  develop  or  adapt 
it  for  ubo  over  a  50  megacycle  frequency  band.  A  klystron 
cradlllator  was  built  which,  by  using  two  coupled  oavities, 
had  a  bandwidth  of  40  some  odd  megaayolea  to  the  0,1  db 
power  points. 

The  first  delay  equaliser  design  was  to  have  a 
delay  slope  of  0,1  mioroseoonds/megaoyole  with  a  bandwidth 
of  at  least  10  megacycles.  Previous  design  experience 
Indicated  that  results  would  be  obtained  more  rapidly  if 
the  network  were  built  in  the  vine*  frequency  band. 

tha  CHIP.?  delay  Equaliaci*  had  »  band¬ 

width  of  1&  megacycles  with  a  center  frequency  close  to  6 
megacycles.  network  was  built  to  permit  early  ex¬ 

perimental  signal  analysis.  Subsequent  delay  equaliser 
designs  called  for  a  differential  delay  of  2  microseconds 
over  a  30  megacycle  band.  The  center  frequency  chosen  in 
70  ScgtiCi-uIsiu,  Several  of  these  net. work'*  have  been  con¬ 
structed  and  tested. 

Further  experimental  and  analytical  work  has 
shown  that  it  is  very  difficult  to  generate  a  frequency 
modulated  pulse  in  an  active  device  and  retain  the  same 
center  frequency  eaoh  time.  This  is  important  because  the 
signal  goes  through  a  network  which  transform  fjwqv.er.oy 
Instabilities  into  time  jitters  by  a  sloping  delay  with 
frequency  characteristic.  Numerically,  if  it  is  desired 
to  hold  the  output  pulse  time  jitters  to  less  than  one-tenth 
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of  the  contemplated  final  output  pulse  length  of  30  milli¬ 
microseconds  which  would  be  obtained  with  the  30  megacycle 
bandwidth,  the  total  deviation  in  the  center  frequency  of 
the  frequency  modulated  signal  generator  and. the  beating 
oscillator  must  be  held  to  loss  than  *22.5ke.  To  do  this, 
freqyfency  stabilities  in  the  order  of  a  few  parts  in  10° 
or  better  are  required.  To  achieve  this  order  of  stability 
it  is  usually  necessary  to  resort  tu  high  Q,  narrow  band 
devices  which  is  diametrically  opposed  to  our  original  aim 
of  wide  band  electronic  tuning. 

Fortunately,  there  is  a  solution  *hich  ha*  Other 
desirable  features.  The  passive  generation  scheme  pre¬ 
viously  described  requires  no  broad  band  osoillators.  This 
will  be  shown  in  the  following  discussion,  .ft  practical 
CHIRP  system  Is  shown  in  the  block  diagram  of  FigHtm*  5.  The 
short  pulse  used  to  drive  the  iitmamibeiofi  dispersion  network 
is  obtained  from  a  balanced  i.f.  modulator  which  has  a 
crystal  controlled  70  megacycle  signal  as  its  carrier. 

After  dispersion  through  the  network  and  i.f.  amplication, 
the  CHIRP  signal  is  modulated  up  to  the  microwave  frequency 
by  a  microwave  mingle  side -band  modulator.  This  modulator 
has  as  its  carrier  a  signal  from  an  ultra-stable  microwave, 
osem at.nf*  -t  -c~o  frequency  (fQ).  Since  ehe 

upper  sideband  is  chosen  as  the  output  of  the  modulator, 
the  signal  presented  to  the  traveling  wave  tube  amplifier 
has  a  center  frequency  of  fQ  +  70ac.  Vith  the  dispersion 

network  characteristic  shown,  this  sienal  win  b><?  frequency 
modulated  starting  with  high  frequencies  and  linearly  de¬ 
basing  to  low  frequencies.  This  is  the  signal  radiated 
to  the  target* 

After  reception,  the  signal  is  amplified  by  a 
low  noise  traveling  wave  lube  amplifier.  This  tuba  la 
designed  to  have  a  gain  of  2v-2y<i b  turn  a  reliable  noise 
figure  of  10  db  or  less.  The  received  signal  is  then  pre¬ 
sented  to  a  microwave  single  sideband  modulator  and  appears 
at  the  modulator  output  as  an  i.f,  signal.  The  carrier 
supplied  to  this  modulator  is  obtained  by  beating  the 
second  harmonic  of  the  crystal  controlled  70  megacycle  signal 
with  the  output  of  the  ultra-stable  microwave  oscillator 
which  fa  at  a  frequency  of  fQ,  By  choosing  the  upper 

sideband,  a  oarrier  signal  frequency  of  f  +  140  me  is 

obtained,  With  this  as  the  carrier  frequency  and  the  re¬ 
ceived  CHIRP  signal  as  the  signal  input  to  the  receiving 
modulator,  the  sidebands  will  be  inverted.  That  is,  the 
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cutput  i.f.  signal  now  haj  ito  frequencies  inverted  so  that 
low  frequencies  occur  first  and  there  is  a  linear  increase 
in  frequency. 

.i 

This  permits  the  collapsing  network  to  be  similar 
to  the  transmission  dispersion  network.  In  fact,  the  same 
network  may  be  time  shared  by  both  branches.  After  suitable 
amplif icafiicn  and  detection,  the  collapsed  pulse-  in  presented 
to  the  display. 

Since  all  oscillators  in  the  system  may  now  be 
operated  at  fixed  frequencies,  the  oscillator  circuits  may 
be  made  narrow  band  and  high  stability  way  be  obtained. 

In  addition,  the  transmission  and  reception  channels  now  con¬ 
sist  of  passive  circuits  which. do  not  destroy  the  phase  in¬ 
formation  of  the  signal;  hence,  the  system  can  be  made  co¬ 
herent  by  making  the  osclllato!*  stabilities  sufficiently 
mgn. 


Results 


The  CHIRP  principle  has  been  demonstrated  in  a 
closed  circuit  test,  figure  2  shows  the  experimental, 
equipment  connections  used  to  obtain  the  waveforms  shown 
in  Figure  6.  The  CHirtr  l  .ni.  signal  was  generated  with  an 
X-bsLhu  klystron  modified  for  wide  band  operation.  This  sig¬ 
nal  was  then  modulated  down  to  a  low  Intermediate  frequency 
and  passed  through  the  0-12  megacycle  delay  equaliser  whose 
characteristics  are  shown  in  Figure  8.  The  waveforms  of 


Tl  I  «*••••  A  U  —  *.  u.  _  ______  a-  — ,  i  -  x  i  - - «  *  •  »  —  •  — 

4  AQVU  U  W  naitt  UliU  WVl  1  bU  O  i  UlUI>i  Vli  OJII  ji  I  i  hlitirp  }  «.'i*  a  «.»i 

10  megacycles  and  a  2T  of  one  microsecond.  It  should  be 
noted  that  the  collapsed  pulse  length  is  approximately  half 
the  predicted  value  obtained  from  ch@  theory.  In  the  case 
of  equalization  at  low  intermediate  frequencies,  the  collapsed 
pulse  does  not  have  enough  cycles  to  completely  fill  the  pre¬ 
dicted  output  pulse  envelope,  In  this  particular  case,  the 
output  pulne  has  a  duration  of  approximately  one-naU'  cycle 
of  the  center  frequency  of  6  megacycles, 


Further  network  development  resulted  in  the  de¬ 
sign  and  construction  of  two  delay  equalizers,  each  of  which 
has  two  microseconds  of  differential  delay  over  a  30  mega¬ 
cycle  band  centered  at  70  megacycles.  The  deviations  from 
a  linear  slope  of  O.06S3  microseconds  per  megacycle  are  leas 
than  ±20  millimic: osesoxius  over  the  desired  band.  The  net¬ 
works  also  have  a  flat  loss  of  about  36  db  over  the  band. 
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Mere  recent  results  have  been  obtained  with  a 
low  power  experimental  system  utilizing  network  disper¬ 
sion  The  experimental  system  closely  re'aemblea  the 
block  diagram  of  figure  5  and  employs  two  delay  networks 
both  centered  at  70  MC.  The  experimental  3y3tem  parameters 
are* 

1*  Radar  Parameters 

Transmitter  Frequency  -  9300  MC, 

Transmitter  Peak  Power  **■  1  Watt 

Transmitter  (Dispersed) 

Pulse  Length  -  2  y.aec 

Receiver  (Collapsed) 

Pulse  Length  ■  0,035  usee 

0-  IT  Delay  tielmjrk  Parameters 

Center  Frequency  ■  70  MC, 

Bandwidth  -  30  MC. 

Differential  Delay  =  2  usee 

The  transmitting  and  receiving  delay  networks  are  of 

Identical  dcsife^j  -aiwi/uanu  inversion  is  used  to  obtain 
a  conjugate  relationship  between  the  two, 

;3e«e  of  the  experimental  waveforms  obtained 
with  thin  syotesn  are  shown  in  Flyuree  9  through  12, 

Fisurc  0(n ^  sh.-.w-  f : ,  —  vi  doc  puisc  used  Ly  modu¬ 

late  the  70  MC.  balanced  modulator  In  the  transmitter. 

The  70  .  counterpart  or  this  pulse  1b  then  dispersed 

in  the  transmitting  delay  equalizer.  Figure  9(b)  is 
the:  rectified  envelope  of  the  X-band  signal  after  ampli¬ 
fication  <uid  time  limiting  has  been  performed  in  the  trans¬ 
mitting  traveling  v hvp  tubes.  The  some  time  scalv  'nan  been 
used  in  Figures  Q(sl  and  o(t)  to  emphasize  the  araouht  of 
dispersion  (60  to  1 )  obtained  in  this  syotem. 

The  low  power  experimental  system  just  described 
la  operating  in  a  laboratory  which  has  a  large,  radar  trans¬ 
parent  window  which  permits  scanning  of  the  adjacent  terrain. 
Figure  10  le  a  picture  of  the  "A"  scope  video  obtained  when 
the  system  is  illuminating  a  corner  reflector  target  test 
range,  The  corner  reflectors  arc  located  in  a  radial  line 
centered  at  the  radar  antenna.  Target  separations  as 
small  as  12.5  feet  can  be  discerned  in  the  picture  thus  tht 
collapsing  is  occurring  aa  anticipated. 
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Speotrura  weighting  effeota  have  been  Investigated 
both  analytically  and  experimentally.  A  Taylor  weighting 
function  was  ohosen  for  the  system.  Two  weighting  networks 
have  been  built  and  tested  qualitatively.  The  tvro  networks 
are  designed  to  give  25  and  34db  sldelobes  respectively. 
Figure  11  shows  the  effects  of  weighting  on  the  collapsed 
"main  bang".  Figure  12  shows  the  effects  of  weighting  on 
the  radar  return  from  the  corner  reflector  test  range.  The 
waveforms  corresponding  to  no  external  weighting  are  included 
In  each  figure  for  comparison  purposes.  Since  the  detector 
used  in  these  tests  had  a  power  law  characteristic,  no  quan¬ 
titative  comparisons  should  be  made  from  these  photographs. 

A  maximum  range  of  44,000  feet  was  obtained  with  the  system 
parameters  previously  given.  The  target  at  maximum  range 
was  a  medium  slaed  water  tower. 


*  •*  •»  **  **  •*  *  ■  A*  «  "  V«  M  R  n  MU  *i  **••>  a  A  -  w  ««  4  v»  nh^4  4  kmM  4  Mr* 
wwifyiv  w»»v  wv*  >**  >v  ^  -- t  •£> 

features  inherent  in  a  CHIRP  system.  First  of  all,  the 
average  power,  for  a  given  waveguide  breakdown,  can  be 
greatly  increased  over  a  short  pulse  system  with  comparable 
bandwidth  and  resolution.  The  system  also  has  an  advantage 
over  a  conventional  radar  when  ah^rt  pulse  .Jamming  Is  con¬ 
sidered.  As  has  been  shown  previously,  short  pulses  are 

liiupui'iitu  uj  vixu  i’t'vciy  lii£  dqrlajT  he  With  tin,  .  Uuu.1  tUi'.t 

decrease  Iri  amplitude. 


Conclusions 

f.lpnsl -tr-rml  r.r  and  henc®  canehllitv 

of  a  conventional  radar  la  largely  a  function"of  the  average 
radiated  power.  To  get  mors  range,  the  average  power  nas  to 
be  increased.  Once  the  llmltlr4J  peak  power  is  reached,  the 
only  way  to  increase  the  average  power  >  if  the  pulse  repeti¬ 
tion  rate  is  held  fixed  -  is  to  increase  the  pulse  length 
with  a  resultant  loan  In  range  resolution  Capability.  The 
CHIRP  radar  has  the  range  capability  inherent  in  a  long 
pulse  -  high  average  power  radar  but  combines  this  with  the 
resolution  capability  of  a  short  pulse  system  Dy  using 
frequency  modulation. 

A  low  power  experimental  radar  is  being  built  which 
will  have  a  P  (and  eventually  a  4}  microseoond  transmitted 
pulse  with  30  megacycles  of  linear  frequency  modulation.  The 
video  display  pulse  will  be  about  35  millimicroseconds  long 
in  both  cases  since  the  video  output  pulse  length  Is  a 
function  of  the  amount  of  frequency  modulation  alone.  This 
results  in  collapse  ratios  of  60  and  120  to  one. 
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These  collapse  ratios  are  not  thought  to  bi!i  the 
ultimate,  .but  as  the  collapse  ratio  increases,  component 
tolerances  mount  accordingly.  Analysis  plus  experiment 
will  determine  the  ultimate  limit;  but  for  the  present, 
the  collapse  rauios  being  contemplated  appear  reasonable. 

In  summary  the  CHIRP  principle  provides  a  radar 
technique  which  permits  the  transmission  of  longer  pulses 
with  the  resultant  higher1  average  pbwer  but  retains  the 
resolution  capabilities  of  a  short  pul3e  system  through 
:he  proper  use  of  moderate  amounts  of  frequency  modula¬ 
tion-  This  technique  also  has  Inherent  anti -jamming 
features. 


Att, 

Figures  1-12 
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Q.  P.  Qhrnan 


The  Radir  Divisiou  of  the  Naval  Research  laboratory  has  built  A 
number  of  expcyl'iflntfcl  hl?h  resolution  radar  aystaizs  utilising  pulse  lengths  of 
the  order  of  10  millimicroseconds.  i  serious  limitation  of  these  radar  systems 
has  benn  their  relatively  short  rauge  resulting  from  the  inability  to  generate 
high  pulse  energy  by  conventional  moans.  Consequently,  we  have  looked  to  the 
pulse-compression  method  with  the  hope  of  increasing  the  pulse  energy  available 
in  the  very  short  r>f  pulsus  we  roquiro. 

Before  dascribing  our  experimentation a  with  pulse  compression  it 
would ,  perhaps ,  be  useful  as  s  background  to  mention  briefly  some  of  the  parti- 
r.»n*  ch.vihUyiatiea  of  our  radar  systems,  r-prrially  with  regard  to  abort 

pulse  generation  and  pulse  power.  Systems  have  been  built  at  3.2  am.  and  at 

£.6  m,  it  both  wavelengths  the  primary  signal  source  was  a  magnetron.  Two 
methods  of  short  pulse  generation  have  been  used.  The  first  is  direct  modula¬ 
tion  of  the  magnetron  l.y  a  short  video  pulse,  duly  *  few  magnetrons  wore  found 
with  sufficient  baridwidth  to  be  modulated  successfully  by  a  10-alUirdsroaecond 
pul  so,  Among  them  were  the  2J42A  at  3.2  cm.  and  the  5789  at  6.6  mm.  Reak 
power  obtained  waa  between  10  K»  and  20  Jur  at  3.2  am.  and  about  30  Kw  -it  8.6  mm, 

“ith  nrs-ngc  powers  of  luw  muu-  wf  only  a  watt,  a  aeconu  antnou  used  suocaas- 

fully  to  obtain  a  short  r-f  pul3e  is  pulse  length  dipping  by  gas  tubes.  The 
requirement  here  is  an  r-f  pulse  with  a  very  rapid  rise.  Qas  tubes  placed  In 
waveguide  permit  only  the  leading  edge  of  the  pulse  to  pass  through  befors  they 
become  icr.ized  after  which  they  greatly  attenuate  the  remainder  of  the  pulse. 

Kljht-mn limioros-eond  pulccd  have  burr,  ur.-wiuc.-i  it.  T-!.-™*  »*  -csk  pcvcrc  ' z 

about  1QO  Kw.  Although  an  improvement  over  the  direct  modulation  method,  the 
Increase  in  peak  and  average  power  obtained  by  pulse  length  clipping  ie  not  very 
great,  hven  if  higher  peak  powers  were  obtainable  by  the  smthode  mentioned,  or 
by  other  direct  mathods,  our  prospects  of  a  sizeable  increase  in  radiated  power 
at  X- be  rid  and  higher  would  not  be  very  good  beeauao  of  voltage  breakdown  diffi¬ 
culties.  Pulse  compression,  therefore,  coupled  with  current  developments  in 
high-powered  traveling-wave  tubes,  klystron  amplifiers,  and  similar  devices  seeiis 
to  offer  us  the  only  hope  of  a  really  significant  increase  in  radiated  pulse 

Chci'iy  at  Ut«  nr»«ent  t.-iwa. 

In  our  experimentation  with  pulse  compression,  we  set  the  rather 
modest  initial  goal  of  a  ten-to-one  compression  ratio.  That  ia  to  say,  r?  heprd 
to  bo  able  to  start  with  a  100-mJllimioroeecond  pulse  and  congress  it  to  10 
mill lmicroaacords  with  a  ten-to-ane  increase  in  peak  power.  Our  plan  was  to 
generate  a  100-mill iaicroseoond  pulse  of  approximately  gauss ian  shape  and 
linearly  frequency  modulated  100  Me,  which  according  to  theory,  permits  a  com¬ 
pression  to  10  mini  microseconds  by  a  filter  whose  delay  varies  directly  with 
frequency  at  the  proper  rate. 

Although  the  realization  cf  greater  compression  ratios  has  been 
reported  by  others  working  wsm  pulse  compression,  their  work  was  not  directly 
applicable  to  ours  oecause  wn  ware  concerned  with  much  shorter  pulses  and  corre¬ 
spondingly  wider  bandwidths.  Their  methods  of  generation  of  frequency-moauiated 
pulses  and  their  methods  of  pulse  compression,  consequently,  did  not  appear 
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suited  to  our  requirements.  It  seelwd  likely  that  in  order  to  achieve  the  required 
frequency  modulation  rate  of  10U  Me  A  in  100  millimicrosecond  ,  pulse  generation 
would  have  to  take  place  at  a  comparatively  high  frequency,  pro -ably  at  r  f  rather 
that  at  tho  comparatively  low  frequencies  used  by  others.  Similarly,  pulse  com¬ 
pression  would  have  to  take  place  at  a  relatively'  high  frequency  since  the  compres¬ 
sion  network  would  have  to  be  at  least  100  Me,  wide.  The  bandwidth  requiremen t 
alone  suggested  that  a  lumped-constant  compression  network  would  be  difficult,  if 
not  impossible:  accordingly,  wa  fait  that  a  distributed- constant  comm  nation 
network  ustd  iirsctly  at  r-f  weqld  probably  be  desirable. 

Our  first  thought  on  the  generation  of  the  frequency-modulated  pulse 
was  to  sweep  a  klystron  through  a  mode.  To  obtain  the  differential  delay,  we 
planned  to  take  advantage  of  the  dispersive  propertie*  of  waveguide  operating  near 
cutoff.  Waveguide  though  certainly  not  representing  a  really  practical  solution 
to  thn  compression  filter  i-roblea  due  to  the  bulk  involved.  *s  wail  Art-aim  t.n 
some  theoretioal  limitation,  would  at  least  provide  a  relatively  inexpensive  and 

tiwpl#  eAWpfVSSitti  dwvi**  ia  tfi  ardmr  tn  k— i p  "t nt-  ?  r?530?l- 

uulu  It  appealed  Uiat  the  operating  frequency  could  riot  be  much  higiter  than 

>'-band,  R0-49/U  wswgv.iA*  which  out*  *f  f  at  3155  Me ,  was.  therefore,  selected. 
Actually,  the  choice  of  3-bend  as  an  operating  frequency  fitted  wen  witn  our  other 
radar  wort  since  our  radar  "/Stems  were  designed  with  an  3-band  i-f 

frequency  utilising  traveling- wavs  tubes  as  i-f  amplifiers. 


Unfortunately,  no  d-bancl  klystron  could  be  found  which  had  a  100-Mc 

*  ■  ■  s  i  i  i  r  -  i  i*  ..  . 

^AUV  SfiVte  V  JV  VUUV  V4Aa  UV«  t*  w  a.  Voai  Vtf.  V«4r-  4  «  *UUuUl^  VUW  pUidti  L*  y 

through  a  klystron  mod*  did  not  *npr«r  possible.  There  was  also  some  quv-tier. 
whsther  a  klystron  could  bs  swept  in  frequency  as  rapidly  as  required.  An  at¬ 
tempted  solution  to  our  pulse-generation  problem  consisted  of  starting  with  a 
klystron  in  the  6000-He,  region  sweeping  it  through  s  50-Mo.  wide  mode,  doubling 

or.l  scat  me  the  si.-r.al  dean  to  y-fcanh.  Although  a  r.uh»  w*a 


1  ■>  f  v  w  I  mess 


obtained,  the  system  was  beset  with  considerable  instability  and  suffered  the 
additional  disadvantage  of  low  power  output.  After  other  variations  of  this  echoma 
were  tried  without  more  success  the  attempt  to  use  klystrons  was  abandoned. 


A  more  fruitful  approach  to  our  pulse- gene rat ion  problem  turned  out 
to  be  the  backward-wave  oscillator  (BWO).  This  device  is  capable  of  extremely  high 
ft tiquency- modulation  rat«(t  over  wide  fvo-,>ji»>iivy-rariges.  With  a  BWO  as  a  signal 
oource  and  waveguide  as  a  compression  filtsr  a  system  fulfilling  our  initial  ob- 

A n p<¥  4  :ia  a/  a  4  w  ¥  a  aha  aaw>hh **  a.  m  a  ii-  .  i  ;  .1  .  .]  ,  a  «u  4. 
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diagram  of  eqjipnwif,  used  to  generate  the  frequency -modulated  pulse,  compress  it 

and  to  view  it  both  before  and  after  compression. 

The  primary  signal  source  is  a  llaytheon  WK-51G  backward-wave 
oscillator  (HWO)  which  is  voltage  tunable.  An  increase  in  the  BWO  delay-line 
voltage  from  150  to  1400  volts  d.c,  changes  the  frequency  of  oscillation  from 
2000  Me  to  4000  Me,  the  change  in  frequency  with  voltage  being  most  rapid  at  tho 
low-voltage  and.  Output  power  is  also  a  function  of  delay-line  voltage.  As  far 
as  our  experiments  were  concerned,  the  range  of  frequencies  of  interest  was 
3300  Me  to  3400  Me.  Over  this  range  the  change  in  BWO  frequency  was  very  nearly 

proportional  to  change  in  two  delay-line  voltage,  and  the  power  output  nearly 

constant  at  340  mw. 
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The  frbquanoy-uodulat.ed  puls*  ie  formed  through  the  combined 
action  of  a  bandpass  filter  end  a  video- pulse  generator.  The  filter  which  is 
of  the  iris-waveguide  type  is  about  lOO-Mc  wide  and  passes  the  band  of  freq¬ 
uencies  normally  between  3300  He  art!  3400  Me.  A  fixed  dro  voltage  applied  to 
trie  BWO  delay-line  causes  a  continuous  fixed-frequency  oscillation  whloh  ie 
below  the  pose  of  the  filter.  The  video-puls#  generator  produce#  a  positive, 
low.  imped anoe,  ball-shaped  pul.se  which  is  superimposed  on  the  d-o  dWO  delay- 
line  voltage,  luring  the  rise  of  this  pulse,  the  «#>  is  swept  in  frequency 
through  the  passband  of  the  filter  causing  an  approximately  gauesian- shaped 
frequency-modulated  pulse  to  appear  at  the  filter  output.  A  second  pulse  freq¬ 
uency  Modulated  in  the  other  direction,  generated  on  the  fall  of  the  video  pules 
is  blanked  out  by  applying  a  negative  pulse  to  the  MO  control  grid  at  the  proper 
tims.  The  length  of  th*  output  pule*  is  controlled  by  sdjustiwnt  «f  the  amplitude 
and  rise  tie#  of  Uue  video  pulse.  Adjuetmsnt  of  the  d-c  &M0  delay-line  voltage 
10  node  so  tnat  the  oscillator  is  swept  in  frequency  through  tne  pestoana  of  the 
filter  on  Um  linear  part  of  the;  rise  of  the  video  pulse.  Actually,  it  nay  be 
desirable  to  introduae  a  Moderate  amount  of  non-liaearity  in  the  rise  to  oonpenu'U 
for  non-linearities  iu  the  frequency- vorsus-delay-line -voltags  oharsoteristioe  of 
the  Wlj  a*  well  a*  t*  the  difftirential -delay  character let lee  of  the  waveguide* 
to  «  certain  exte.it  tills  may  be  done  by  adjustment  of  the  d-c  ievol  of  the  delay 
line  end  by  changing  video-pula*  length  end  amplitude.  The  isolation  attenuator 
i »  placed  between  ths  My  end  the  filter  to  improve  the  match  since  tne  8*0  output 
la  quite  sensitive  to  aiaaietch, 
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pu1ao3  o IkuI i wwuui  1  / v  the  filter  output  is  split  Into  two  uorts.  About. 

cent  is  fed  to  a  wideband  high-level  detector  whose  output  la  the  envelope  of  the 
uncoepr sited  pulue,  end  this,  ie  displayed  on  a  Tektronlcs  Type  545  oscilloscope. 
The  remaining  70  percent  of  t ha  power  ie  tent  through  115  feet  of  BQ-49/U  weve- 


fMiide  whose  aif t’arer.tial-nelay  diaractariatiaa  nrnoiir**  pulr.n  rtnmp.r*** i rm ,  Wsm- 
guide  output  is  detected,  eripiifiea,  end  displayed  on  a  high-speed  oscilloscope  as 
the  ooejpressed -pulse  envelope. 


Figure  2  la  e  pair  of  photographs,  one  showing  the  uncompressed 
pulse,  thtf  other  the  compressed  pulre.  The  Uae  scale  on  thu  former  is  100  milli- 
aicrosocond a  per  major  division,  nra  on  the  latter,  <*  50-Mc.  timing  vevs,  or  10 
millinloroseoonis  but •*>«<■  eucoeee.rt)  axis  crossing,  line#  tne  detectors  were 
approximately  square  law  (actually  the  lav  ie  approximately  1.8)  half  amplitude 
■v.r.'iii/.iil..  ri.i.w'M  .  !im*  ■“  turw^r  .  Or,  -.hi-,  t1  s  a  1  — .  it  ran  r*  mmnr-  t."r 

*  V  V  *  *  * 

nao  usen  compressed  from  100  Millimicrosecond »  to  10  »dlli»Jc.rosecands, 

MsaauroBont  of  peak  power  into  and  out  of  the  waveguide  showed  a 
gain  of  approximately  5  db.  Sinew  the  waveguide  exhibited  an  average  attenuation 
of  approximately  6  db  between  3300  Me.  and  3400  Me,  there  wee  an  Intrinsic  gain 
of  about  11  do  in  power  which  ngruee,  within  the  limits  of  probable  experimental 
error,  with  the  expected  value  of  10  db  based  on  &  Urn -to -one  compression  ratio. 


Amplitude  Measurement  of  secondary  pulses  following  the  aain  pulse 
was  complicated  by  video-amplifier  ringing,  the  effects  of  which  can  be  seen 
following  the  coapressen  pulac.  Making  allc.fanca  for  the  ranging,  wo  estimate 
that  all  secondary  pulses  ere  at  lewt  db  below  the  main  compressed  pulse. 
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The  snail  "wiggles"  preceding  the  uncompressed  pulse  are  due  to  trigger-pulse 

leakage. 


Figure  3  1*  a  universal  curve  by  which  the  length  of  waveguide 
required  to  produce  a  given  differential  delay  may  be  calculated.  The  ordinates 
are  proportional  to  the  derivative  of  waveguide  transit* tine  end,  consequently, 
represent  only  an  appreciation  which  Is  good  for  fraqusney  dispsrsione  up  to  a 
few  jercent.  Is  would  be  expected  for  a  given  percentage  dispersion,  the  errur 
increases  s:  tse  »«r:er  frequency  approa-i-i:  cutoff.  In  order  to  keep  the 
required  length  a&ala  it  is  necessary  to  operate  close  to  cutoff.  The  band  fro* 
3300  He  to  3400  Ho  wed  i n  our  experiments  runs  froe  9^.6  percent  to  92.8  per* 
cant  pf  cutoff,  which  corresponds  to  a  dispersion  of  just  undar  3  percent.  Kven 
for  the  3  percent  bandwidth  the  differential- del  ay-bllh- frequency  deviates  from 
line*,*  by  about  ten  percent.  It  seems  reasonable  to  suppose  that  a  certain 
amount  of  this  non* linearity  can  be  compensated  for  by  tailoring  the  rate  of 
frequency  modulation  over  the  unoos^ressed  pulse  length  to  correspond  to  the  da: ay 
characteristics  of  the  waveguide,  and  this  was  undoubtedly  done  to  eon*  extent 
jiilCk'  the  d— C  voltage  01,  the  E»3j  delay  1  i i)«  was  adjusted  along  with  the  video- 
pulsr  amplitude  and  rise-time  to  optimise  the  campreesod-pulae  shape.  We  haw  no 
MUaiif.ltatita  information,  however,  on  how  far  one  can  go  in  thin  direction. 


By  operating,  ever,  closer  to  uctoff  it  would  bn  thnornti  rally  possible 
t*  reduce  the  length  of  waveguide  required  for  n  » i ven  differential  d*l*y,  Several 
difficulties  arise  in  as  ddir.g;  greater  non-linearity  in  the  differential  ■,o1*y 
oh&rkcftiriBtiee  was  already  mentioned;  another  is  the  greater  change  in  atten¬ 
uation  pver  we  frequency  band,  u  wall  es  the  overall  increase  in  Attenuation, 
iiio  latter  if  Iccpt  within  roaaamhli  bounds  would  nut  lx.  a  a«u  xwu>*  1Jj«l*.  Lall.'m  oli.ce 
It  oauld  be  overcome  by  a  preamplifier  which  would  undoubtedly  be  a  required 
adjunct  to  any  compression  network  which  might  be  used.  A  large  clangs  in  atten¬ 
uation  over  the  band  would  require  equalisation  and  might  cause  (toms  difficulties. 


The  prsssnca  of  noise  sr.ouid,  of  course,  have  no  effect  on  the  pulse- 
compression  process.  To  show  this  we  generated  wide-banrf  noise  by  amplifying  the 
output  of  *  "noisy"  traveling-wave  tube  and  mixed  thia  with  the  pulse  to  be  com. 
pressed.  Figure  A  is  a  olock  diagram  of  Iho  cqui. paint  used.  As  stetad,  the  n.ise 
generator  is  a  noisy  traveling-wave  tube  followed  by  a  traveling-wave  tuba  aapli- 
f.ior.  2W0  output  is  attenuatod  tu  i  educe  it  to  the  lavol  of  the  noise  with  which 


it  is  mixed  in  a  directional  coupler,  and  then  the  combination  is  amplified  up  to 
tna  lavel  of  a  watt  by  a  third  travel ina-wav*  tub*,  hext.  the  cnsthirv*H  aignsls 
are  sent  through  the  culaa-forminx  filter  which  serves  the  dual  nuroose  of  Dulse 
formation  and  of  licj-lina  the  bandwidth  of  the  noise  spectrum  to  that  of  tho 

- 1  Jir  •  -  I  a  U  -  <•<  i  .  ..*.•/  4  „  JJ  mmm.  w  x  .4  4  >•  4  -  *  —  -  — .X  sh  -  e  .  ..  .  m 
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which  is  detected  directly  and  tne  larger  pact  baling  detected  artcr  passage  through 
the  waveguide.  In  order  to  preserve  con*t*4it  bandwidth  •  single  oscilloscope  which 
can  U  connected  to  either  detector  was  used. 


Figure  5  is  a  series  of  paired  photographs  comparing  the  uncom- 
presur-i  and  compressed  pulse  in  noise.  In  the  first  pair,  the  attenuator  following 
the  B«0  la  adjusted  to  cause  an  vmcompressed-pulse  amplitude-to-noise  ratio  of 
approximately  unity.  The  corresponding  photograph  of  the  compressed  pulse  very 
clearly  indicates  the  expected  increase  in  pulse-amplitude- to-noise  ratio. 
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because  of  this  increased  ratio  it  was  necessary  to  reduce  the  relative  gain  of  the 
oscilloscope  to  prevent  overload  by  the  pulse;  consequently,  the  noise  level  here 
appears  less  than  on  the  uncompressed-pulse  photograph. 


The  remaining  pairs  of  photographs  illustrate  the  effect  of  reducing 
signal  level  relative  to  noise.  Compression  takeS  place  even  when  noise  is  greater 
than  signal.  Because  of  the  relatively  long  exposures  required  to  take  these 
pictures,  some  photographic  integration  of  signal  occurred  and  that,  coupled  with 
sons£  deficiencies  in 


»>i»l  r»+  ■?  nir 


on  the  oscilloscope  screen  photographically  than  visually. 
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Our  work  with  pulse  compression  has  been  largely  exploratory  with 
the  ultimate  objective  of  increasing  the  range  of  our  millimicrosecond  radar- systems. 
The  results  to  date  are  largely  qualitative.  Nevertheless,  we  feel  that  some  use¬ 
ful  information  has  been  gained.  With  the  possible  exception  of  the  differential- 
delay  filter  the  pulse-compression  scheme  at  5-band  should  be  extendable  to  much 
higher  frequencies,  and,  as  such,  has  several  advantages.  Pulse  generation  and  com¬ 
pression  take  place  at  transmitter  frequencies  rather  than  at  some  lower  itf 
frequency,  thus  eliminating  the  need  for  frequency  conversions.  Pulse  shape  and 
frequency  are  controlled  essentially  by  a  passive  network;  only  a  video  pulse  with 
a  reasonably  stable  leading  edge  is  required.  By  using  the  r-f  pulse  as  it  appears 
at  the  output  of  the  pulse-forming  filter  as  the  time  reference  for  the  system,  it 
would  not  be  necessary  to  synchronize  the  frequency  sweep  of  an  f-ra  signal  generator 
to  prevent  range  error.  * 


Although  no  attempt  was  made  in  the  experiments  described  to  increase 
the  uncompressed-pulse  energy  to  a  lev->l  useful  for  radar  purposes,  we  have  shown 
for  the  case  of  lO-millimicrosecond  pulses.  a3  others  have  for  longer  ones,  that 
the  uncompressed  pulses  may  be  amplified  and  combined  with  noise  without  disturbing 
compression  capaoilities. 

* 

The  ten-to-one  compression-ratio  achieved  is  rather  modest  and  prob¬ 
ably  less  than  would  be  desirable  for  a  practical  radar  system.  Actually,  we  have 
achieved  as  much  as  a  fifteen-to-one  compression-ratio  by  increasing  the  waveguide 
length.  This  furtner  emphasized  what  ap;*?ars  to  be  our  major  problem  -  the  design 
of  a  more  practical  differential-delay  pulse- compress ion  device.  The  waveguide  was 
already  very  long  at  Hf>  feet  for  the  ten-to-one  compression-ratio.  Some  thought 
has  been  given  to  the  feasibility  of  filling  waveguide  with  a  low-loss  high-di¬ 
electric  material  so  that  all  waveguide  dimensions  can  be  reduced  by  a  substantial 
amount.  It  may  also  be  possible  to  find  some- slow- wave  structure  which  has  a  highly 
dispersive  irequency  range,  at  any  rate,  on  the  Dasis  of  our  experiments  we  feel 
tr-it  pulse  compression  hold?  promise  for  improving  the  performance  of  our  10-milli- 
microsecond  radar -systems. 

The  work  described  in  this  papei  is  summarized  in  NHL  Report  4971 
entitled,  "Pulse  Compression  at.  j-band,*’  by  o.  m.  Atkinson,  G.  P.  Ohman,  and  F.  H. 
Thompson. 
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SETUP  FOR  GENERATING  AND  COMPRESSING  PULSE 
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COMPARISON  OF  UNCOMPRESSED  AND  COMPRESSED  PULSES 
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FIGURE  5.  RELATIVE  EFFECT 
OF  COMPRESSION  ON  PULSE  AND  NOISE 
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THEORY  OF  MATCHED-FILTER  PULSE  COMPRESSION 

ty 

R,  F.  Schreitmueller 
Microwave  Electronic a  Division 
Sperry  Gyroscope  Compqpy 
Division  of  Sperry  Rand  Corporation 
Great  Neck,  New  fork 

Summary.  A  brief  explanation  of  matched  filter  theory  is  followed 
by  a  derivation  of  the  output  of  a  compression  filter  passing  a  fre- 

i-i  V  ' 

■  r  ■  y 

quency-modulated  pulse*  A  matched  compression  filter  is  assumed,  and  a 
time-domain  approach  is  used.  Results  include  an  expression  for  the 
envelope,  compression  ratio  and  residue  values,  and  the  lack,. of  .FM 
on  the  output  pulse. 

INTRODUCTION 

Pulse  ccmpre ssior.  rqdar  systems  transmit  a  vide  pulse,  ar.d  convert 
the  received  signal  into  a  narrow  pulse.  This  technique  can  be  ac¬ 
complished,  among  other  means,  by  frequency-modulating  the  pulse  to  be 
transmitted,  and  passing  the  received  signal  through  a  network  having 
a  time  delay  which  varies  with  frequency.  This  paper  is  concerned  with 
the  linear  FM  type  of  pulse  compression.  Zero  Doppler  shift  is  asm«u, 
Computing  the  performance  of  such  a  radar  can  be  a  length  task. 

It  may  require  tables  of  Fresnel  integrals,  and  numerical  evaluation 
of  Fourier  transforms.  Instead  of  this  complicated  frequency-domain 
approach,  a  simpler  analysis  can  sometimes  be  carried  out  in  the  time 
domain.  To  use  the  time-domain  approach,  the  receiver  is  assumed,  to 
be.  «  mat* died  filter.  This  assumption  is  often  closely  realized  in 
pro' iic«;  so  th- *  th**  ?  e***i!ts  have  physical  meaning. 

The  results  of  this  time-domain  analysis  are  preceded  by  a  brief 
explanation  of  matched— fi  1  ter  theory..  Detailed  derivations  are  given 
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THE  MATCHED-FILTER  CRITERION 

A  matched  filter  optimizes  the  detection  of  weak  signals  in  white 
noise.  Suppose  there  is  a  signal  of  known  waveform  in  white  noise,  and 

.it 

its  peak  signal-to-noise  ratio  should  be  maximized.  The  linear  "ilter 
that  best  accomplishes  this  was  first  specified  by  North\  He  showed 
that  the  frequency  response  of  the  filters  and  the  spectrum  of  the 

i 

signal  must  be  complex  conjugates  of  each  other  (except  for  a  linear 
phase  shift).  In  other  words,  the  filter  must  be  matched  to  the  signal 
Expressed  in  the  time  domain,  the  time  response  of  the  filter  to 
an  impulse  must  be  the  reverse  of  the  signal  waveform.  Quantitatively, 
if  f  (t)  is  the  signal  and  F  (w)  its  spectrum,  tho  filter  frequency 
response  is 

» .. 

H  (<y)  -  F  *(o>) 

and  the  filter  Impulse  response  is 

h  (t)  =  f  (-t) 

For  applications  such  as  detection  and  time  measurement,  peak 
S/N  is  more  important  than  waveform  preservation.  The  matched  filter 
may  be  regarded  as  a  device  which  essentially  transforms  the  shape 
ixu.vaiuagxou  of  the  .signal  inao  ampxituoc  information. 

APPLICATION  TO  PULSE  COMPRESSION 

If  a  pulsed  carrier  having  frequency  modulation  is  transmitted, 
and  is  received  with  a  matched  filter,  the  transmitted  signal  will  be 
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The  pulse  characteristic!*  of  this  signal  ares 

carrier  frequency  =  u>q/Ztt  cycles/sec 
rate  of  frequency  change  =  a/2r  cycles/sec 
pulse  width  =  T  see 

frequency  deviation  =  a  T/27 r  cycles/sec 
The  Batched  filter  impulse  response  may  be  written 

1  ?  T 

h  (t)  =  F  i-t)  =  cos  cj.t  --  at2 

.  °  2  2  2 

The  output  pulse  may  then  be  formed  by  convolution  of  f  and  h: 

»n 

r  ( t )  ~  {  f  ( x >  n  ( t  -  x )  dx 

0» 

This  may  be  carried  out  directly  In  the  tline  domain  using 
.ordinary  trigonometric  integrals  to  yield  the  solution 

1  1 

r  (t)  r  — sin— at  (T  -  t  )  cosa»rtt  -  T<t<T 
at  2  ° 

(A  second  term,  containing  Fresnel  integrals,  is  enough  to 

be  neglected,  provided  >>  a  1//2  and  a>0  >>  at). 

The  pulse  compression  filter  output  is  now  in  closed  form,  A 
uuiauv.  sj±  auuw  iii> wug  u'uooi Vduxuua  uo  drawn  from  this  expression 

1,  The  envelope  approaches  the  form  (sin  l/2  at  T)/at  when 

aT2  >>  1,  On  the  other  hand,  for  a  =  0,  the  envelope  becomes  simply 
1/2  (T-it|),  for  -T  <  t<T,  i.e„,  a  triangular  pulse  of  duration  2T. 
This  agrees  with  the  result  obtained  for  a  conventional  rectangular 
pulse  passed  through  a  matched  filter. 

2.  The  carrier  is  cos  <.’0t.  This  is  a  constant-frequency 

carrier  which  i ?  not  frequency  modulated.  The  absence  of  FM  is  not 
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too  surprising  since  the  qptput  spectrum  of  a  matched  filter  has 

zero  phase  characteristic,  i.e., 

R(«)  =  F(a>)  F*  (cj) 

While  no  FH  is  present  for  this  case,  the ^ re suit  aoes  not  contradict 
other  analyses  which  shov  FM  to  exist,  tut  which  do  not  assume  a 
matched  filter  characteristic. 

3.  The  peak  power  compression  ratio  can  be  calculated  as 

.  i 

p  _  output  amplitude _ 2 

[input  amplitude  x filter  gain. 

.  rs  (0)  _ .  T£  2a  _  aT2 

f2  (0)  H lco0)2  4  77  2tt 


This  is  in  agreement  with  the  relation  for  compression  ratio: 
compression  ratio  = 'pulse  width  (sec)  x  frequency 
deviation  (cps)  =  T  x  aT/2  n  -  eZ$-/2v 

4.  The  pulse  width  compression  ratio  is  defined  as  input  pulse 
width/output  pulse  width.  The  definition  of  pulso  width  can  be  some*- 
what  arbitrary.  Consider  a  pulsed  carrier  with  an  envelope  of  form 
(sin  t)/t.  This  has  a  rectangular  spectrum  of  bandwidth  B.  A  pulse 
width  may  be  arbitrarily  defined  as  l/B  for  this  case.  This  is  the 
pulse  width  at  4  db  down  for  tb«*  (sir  t)/t  envelope.  It  is  also  half 
the  wid+h  between  the  first  nulls  of  the  envelope.  Let  the  4  db  level 
be  used  to  define  widths  of  other  pulses.  If  a  4  db  definition  is  used, 
the  pulse  width  of  the  output  wave-form  is  6.28/a  T  (for  aT2  >>  1). 

Then  the  pulse  width  compression  ratio  is 


_ T _  _  aT2 

6  28 /aT  "  2tt 
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This  gives  the  sane  compression  ratio  as  is  obtained  for  peak  power* 
The  pulse  width  definition  is  somewhat  arbitrary,  tut  does  have  some 
justification  and  results  in  an  agreement  with  the  peak  power  com¬ 
pression  ratio.  If  3  db  pulse  width  Is  used, "the  pulse -width  com¬ 
pression  is  aT^/5.6* 

5*  The  output  envelope  is  not  "dean, ■  tut  has  residues,  or 
spurious  signals,  analogous  to  antenna  side  lobes.  This  appears  to 
be  characteristic  of  rectangular  pulse  compression  since  some  portion 
of  the  waveform,  which  has  a  total  duration  of  twice  the  input  pulse 
width,  is  present  to  same  extent. 

The  magnitude  of  the  residues  can  be  readily  determined  from  the 
envelope  function.  For  high  compression  ratios,  the  envelope  ap¬ 
proaches  the  form  (sin  t)/t  in  the  region  of  interest.  This  function 
has  residues  of  13.3  db  down. 

For  moderate  compression  ratios,  the  residues  are  slightly  better. 
For  example,  at  a  compression  ratio  of  10,  the  resides  are  14.9  db 
down. 


These  relatively  high  residue 3  are  characteristic  of  matched 


filter  pulse  compression  but  do  not  represent  the  best  possible  residue 
performance.  Tho^  can  be  reduced  by  techniques  such  as  bandpass- 
shaping  as  will  be  discussed  in  the  paper  by  Messrs.  Cook,  Chin,  and 
Sadler^. 

APPLICATIONS 

A  closed-form  expression  for  output  of  matched  pulse  compression 
filter  simplifies  computation  of  the  performance  of  some  non-aatched 

pulse  compression  filters.  Other  linear  filters  can  be  regarded  as  a 

cascade  combination  of  a  matched  filter  and  a  second  network.  If  the 
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second  network  can  be  specified,  only  the  response  of  the  matched 
filter  output  to  the  second  network  need  be  determined.  For  very  high 
compression  ratios  (greater  than  100) ,  the  approximations  of  a  (sin  t)/t 
waveform  and  a  rectangular  spectrum  further  simplify  the  computation. 

The  matched-filter  pulse  compressor  also  sets  a  standard  for  signal 
detectability.  The  radar  system  engineer,  as  a  user  of  pulBe  com¬ 
pression,  wants  to  know  what  performance  can  be  expected  iv'  terms  such, 
as  signal  detection,  resolution,  and  ambiguity.  If  the  receiver 
contains  a  predetection  filter  matched  to  the  transmitted  signal,  the 
peak  signal-to-noise  ratio  per  pulse  is  obtained  at  the-  filter 
output  far  a  given  pulse  energy  and  a  given  noiSn  level  per  unit 
bandwidth,  independent  of  pulse  waveform. 

Therefore,  for  a  given  transmitted  pulse  energy,  and  a  matched 
filter,  signals  in  noise  will  be  detected  equally  well  whether  or  not 
pulse  compression  is  used.  Any  other  compression  filter  results  in 
poorer  signal  (btectability.  The  difference  in  decibels  between  the 
output  signal-to-noise  ratios  for  the  two  cases  can  be  called  "com¬ 
pression  loss , u  This  is  the  penalty  in  db  that  a  radar  system  en¬ 
gineer  pays  for  pulse  compression.  The  difference  between  the  matched- 
filter  case  and  another  case  can  be  easily  calculated  in  many  instances. 

Similar,  but  less  clear-cut,  criteria  can  be  established  for 

resolution  and  for  ambiguity,  i,e. ,  residues.  For  the  latter,  the 

> 

matched-filter  cane  may  not  be  optimum  but  it  can  be  used  as  a  con¬ 
vention  ‘oxy  determined  standard. 


—lliis- 

confidential 


■s 7- 


CONFIDENTIAL 

CONCLUSION 

The  assumption  of  a  matched -filter  receiver  for  a  pulse  compression 
radar  transmitting  a  rectangular  pulse  with  Fli  results  in  a  closed-form 
expression  for  the  output  waveform.  This  can  be  approximated  by  (sin  t)/t 
for  high  compression  ratios.  Compression  ratio  is  determined  as  pulse 
width  times  frequency  deviation.  No  frequency  modulation  is  present 
and  the  output  residue  level  is  readily  calculated. 

The  matched-filter  compressor  may  be  used  as  an  aid  in  analyzing 
the  behavior  of  other  pulse  compression  systems,  and  as  a  standard  far., 
evaluating  radar  performance. 
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APPENDIX 


f  It  has  been  shown  that  the  output  waveform  can  be  obtained  by 

.* 

convolution* 


r(t !  ,=  f  fix)  hit  x)  dx 

—CO 

=  /  cos  (co0  X  +^a  x2)  cos  oj0  (t-x)--a  (t-x)2]  dx 


For  -T<t<0,  A  =  -T/2  and  3  =  t  +  T/2  and  for  0<t<T,  JL  =  t-T/2  and 

S 

B  =  T/2 

i  B  f  l  ]  1  B 

r<  t )  -  —  J  cos  «  t  +-a  ( 2tx  t2)  dx  +-  /  cos  I«0  (2x  t)  - 


—a  lt2-2tx  *-2x2l]  dx 
2 


The  second  tsra  is  an  average  of  a  carrier  frequency  x  =  2^/2 Wand 
can  be  neglected  if  oa0»  a-^/2  and  o>„»  at. 

Then 

,  r  i  ^  *  ~  B 

rJt  1  I  t  i  wtv  — at  ^  I 

2a  [  2  .  x  A 


x  =  B 

1  p 

.tx  —at  ^ 

! 

0 

x  '  A 

1  O 

1  * 

w  t,  -‘--at2 

•■-at  T 

°  2 

2 

1  o 

1  HP 

-aV° 

at  T 

o  g 

?. 

-  sin-at  ( t  +  T)  cos  t, 
at,  2 
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Then 


—at2  -  —  77V2  and 
2  2 

K  '  i  a/77 11/2 


1  KT/S  77  1  KT/2  77 

H(ct>  )  =  —  /  cos-  V2  dv  +  £  /  sin—  V2  dv 


H(w0)  can  then  be  represented  as  lA  times  a  vector  drawn  from  the 
origin  to  a  point  on  the  Cornu  spiral  at  V  =  KT/2. 


K-eo,  H{a>0)-  (i  +  fi  )/2K 

and 

lm -0,1-— =  IF 

0  42K  j2a 

(In  addition,  the  phase  shift  approaches  45°. ) 

The  approximation  of  Ih(cc>0)|  is  accurate  ±10  per  cent  for 
aT2/277>40.5,  and  accurate  ±20  per  cent  for  oT2/2t7>9.7.  7ne  filter 
"gain"  is  even  more  exactly  equal  to  Jv/2a  if  one  takes  the  average  in  * 
the  pass  band,  rather  than  only  the  value  at  a>0. 

For  aT2/277<l,  the  approximation  is  net  valid.  A  series  expansion 
gives  H(&jq)  =  T/2  +  j  aTV48  for  the  first  two  terms, 

'The  i-cak  values  of  the  pulse  envelopes  are: 

f(o)  =1 


c  in  —  at  ( T  •- 1  ] 
limit  2 


f]  'i  1 

,  -aT  -  at  I  cos -at  (T-t) 

limit  12  J  2  T 
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The  peak  power  compression  ratio  is: 

_ 1 _ r2(o)  _  2a  _  alf 

I K''.j  ‘IS  f2(o)  77  4  2w 

U  1 
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UR.  Sadlar 
Air  Araaaant  Diriaioa 
sparry  Oyrcaeop#  Coapany 
UlTtalm  of  Sparry  Rand  Corporation 
Oraat  flack,  New  York 

ggME£.  Linear  W  jrulee  conpresaioa  techniques  load  to  epeeiros 
factions  which  ara  oxpraaaeble  u  Fresnel  integrals  and  a  lias  rawtioo 
which  la  (aln  a)  fx  la  nature >  Huitiple  target  anrlroananta  preclude  un 
of  a  ilaa  signal  that  baa  aaoh  high  "eidalobaa*  or  "residues,*  SpOotma 
shaping  {1.*.  phase  and/or  eupHtude)  oa&  bo  uatd  to  aodify  tba  tiaa 
function  to  a  i«r*  useable  thapa.  Son  eawaplM  of  epeotn®  shaping  are 
considered  to  ladloata  tha  types  of  inproeeaents  that  can  l>«  athiavad. 
jUtnonucnuM 

Tha  Sparry  Qyroaoopa  Cancan*  has  supported  it  pulse  e«errs*««1»n 
investigation  and  developaent  progrta  for  a  n unbar  of  ynri .  TUla 
technique  bos  raabar  of  laisraetlng  applloatiuuu  in  the  area  of  extending 
radar  parfcnaaoa.  It  ia  raeoinlsad  that  what  is  ha?/#  tenead  9pulaa 
sec; jrfaaalct*  Is  ana  of  a  uunbar  of  ttatcbad  f  11  tar  ur  quasi-oatobed  filter 
■pproaune*  tuat  say  Da  usaa  to  scalar*  aUallar  raaults.  Thla  p-per  will 
hriafly  oarer  a  ok.*  areas  of  tba  analytical  work  by  on  a  of  vha  group#  at 
Sparry  that  has  baas  concerned  with  baslo  pulse  coapreaeien  investigate  on, 
asd  will  indicate  a one  of  tba  pulse  conproaa’on  problaoa  that  nay  oe 
ralatad  to  apaotinm  properties  in  a  linear  FM  pulse  enapreseien  ayatam. 


QZKEUL  DISCUSSlOJI 

Fig,  1  above  in  ita  ainplaat  block  dlagra*  fora  tba  basic  inrredleats 


of  the  pulse  oonpreaslon  used  by  Sperry  engineers  and  also  by  a  aunbar  or 
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other  investigators.  It  ou  be  imb  Iron  the  illustration  that  the  tin* 
delay  of  the  filter  la  matched  to  sweep  function  of  the  input  pulse »  For 
the  rectangular  Input  pulse  shown,  the  ccmpreaeion  filter  output  culaa  le 
narrower  in  width  and  higher  in  peel  power  by  the  oonpreealon  ratio  faotor. 

■  i 

By  eaking  uae  of  the  O.64  amplitude  point  one  obtains  e  figure  far  com- 
pressed  pulse  width  that  is  the  inverse  of  the  frequency  deviation  of  the 
uncutpreiiaed  pulse  (i.e»,  ■  «  l/.if).  This  is,  of  courae>  purely  arbitrary, 
but  It  does  provide  an  eaav  method  for  ©aleulatlng  the  pulse width  suu  it 
consistent  with  the  amplitude  ratio  definition  of  pulse  coap?eetiom 
Associated  with  the  campreeeed  pulse  er-  ripples,  shown  in  Fig,  1,  which 
we  have  tensed  ‘residues*.  These  extra fisuua  signals  are  sne  of  the  prob¬ 
lems  'that  result  froa  the  use  of  s  lmetr  7??  »e  compression  technique. 

The  time  domain  integral  eolation  r  ,r  this  arrangement  fihows  that  the 
fora  of  the  erapreaeed  pulae  le  (ala  x)/x  and  that;.  In  addition,  the 
carrier  of  the  compreeeed  pulae  la  frequency  awept  in  a  sense  opposite  to 
that  of  the  input,  or  unoowpreaaed,  pulae.  Both  of  these  effects  are 

unJealrable,  although  for  high  soup»e»*iw«  ratic*  tbs  affect  la  largely 

'■  :  ‘  ! 

uegligrile.  The  presence  of  the  rentd-.u:  signals  are  of  particular  interest 
if  we  are  sntlnl rating  the  uae  or  pulse  toBp;s3Sio=  in  e  multi-target 
tiiifU  iwMut  wnei  *  iU|i  ■Jgiieia  mm/  we  pi  sewn v  »w»v  rwe/iutiee  «u*e  ox 
greeter  amplitude  than  those  of  other  signals  we  are  seeking,  A  partial 
solution  to  these  residue  and  FN  phenomena  may  be  found  by  treating  in 
ao*e  detail  the  spectra  of  the  various  signals  used. 

Vhfv-.  fcns  aotual  apeotrum  of  a  compressed  pulse  la  evaluated,  It  is 
found  to  be  e  function  of  Fresnel  integrals.  Table  I  briefly  summarizes 
the  time  and  spectrum  functions  involved.  The  spectrum  ie  that  of  the 

“lt9-  ...  , 
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compressed  pule*  output  from  the  Ilnur  tins  delay  compression  filter. 

The  Freenel  integrals  are  seen, to  be  funotions  j«'  the  ooapreseion  ratio, 

T  /T  ea  defined  previously.  Fig.  ?  shows  one  half  of  the  aynnetrical 
amplitude  end  phase  spectra  .computed  fri®  the.  Fraenel  integral*  for  oast- 
preesiou  ratios  of  13 j1»  52*1  end  120il»  The  spectra  tend  to  beooae  more 
rectangular  as  the  oompreeaion  ratio  inoreaaea.  When  these  spectra  are 
integrated  to  obtain  the  ooapressed  pulse  tine  function,  the  (tin  x)/x. 
fora  ie  obtained.  Referring  again  to  the  apectrua  diagrams,  one  Bight 
•uapeet  that  the  phase  function,  whi'ch  is  highly  non-linear  at  th#  band 
edges,  is  contributing  to  the  high  level  of  ripples,  or  residue  signal*. 
Since  e  rectangular  saplitud*  ppectru*  is  noraaliy  associated  with  the 
(sin  r.)/x  shape,  it  oan  be  seen  that  thi*  pulse  fora  ie  not  to  be  expected 
on  an  amplitude  dir-*rib««*.ion  beaie  alone  until  fairly  high  ooapreaslon 
ratios  are  uaH, 

assuming  optimum  pnaoe  matching  lu  uVlulu  ei.Lti  u  flat  y*  linear 
apeotrua  phase,  the  ooapreseed  pulse  shapes  ere  recalculated  with  the 
retail ts  shown  in  Fig.  3.  It  la  aeen  that  in  tell  oases  the  fesiduas  are 
reduced,  with  the  biggest,  gains  at  the  lower  eeapreeslon  retie®.  In 
addition  optiaua  phase  matching  iaor eases  pulse  resolution  Vi  e  degree, 

i  .  .  j  • »  .  » 

liilV  K40V  hvi  a  yi  wiivuuvvu  »■-  v*e*p  *^»ws  »<  "—f*  ■  -A*  “ .  rt  . 

plots  the  comparative  signel-to-reaidue  ratio*  as  a  function  of  <ca- 
presaion  ratio,  and  Fig.  5  plot*  the  peek  signal  change  when  ©pilau* 
phase  matching  Is  assumed. 

The  results  shown  ere  caused  by  providing  a  complete  phass  aa  eh  for 
tb*  signal  phase  spectrum,  which  incidentally  eliminates  the  residual  FH 
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*t  tho  ooaprMaod  pula*  oaiflar  aa  points  oat-  by  Sehrei  Ujsuiiar  1a  kl& 
papar,  .If  a  apse^n*  amplitude  ba tab  1a  proiidad  In  Uio  oatproasion 

I  ; 

filter,  vht  rssidua*  tend  to  lncroaso.  Fig*  J,  shows  that,  for  easprsasion 
ralioa  of  1m •  than  30  or  40  to  1,  tha  additional  ptaaaa  aqualiaatioa  ujr 
ba  daairabla.  Tbo  adrantata  bora  It  that  rttldOAt  aoy  bo  raduced  la  tbit 
maanar  btfora  othar  taohniquaa  of  rtaldut  rtduotien  Art  applied.  In 
addition,  inproTAd  Mjblutlon  And  poak  signal  anplltuda  also  raault. 

Sinoo  thl»  a^d4M*»el  phase  equalisation  swat  ba  da**  wr«r*  ih*  soeena 
da tauter,  1 1*  uj*  weald  sot  ba  aonpaUbla  with  largo  doppler  shifts,  for. 
ti*  AonpAMAtinf  naWorl  will  data  to  work  in  A  apaotflc  band.  Xo  such 
limitation  naad  apply  to  the  Uh,v  U»  daisy  aquaiisaUtti  Bathed  siaos 
tba  dolay  ohsraotaristlo  of  tho  soatprosslon  flltor  oan  be  bant-  ii»«» 
ovar  tho  expaotod  l«toreal  of  dollar  fraquoncy  ahlfta. 

tba  emsaotlofiAl  approach  to  roaidtio  raduotioo  IdvoItaa  waightlng  tho 
sdsplltud*  pOttiwn  of  UM  fpoetnu.  altftar  o»*r  the  •-•beln  hand  Ot  vn  a 
oalaottvo  baa  la.  Xxaaplta  of  thpo*  will  ba  glean  for  tha  $2il  coaprasalou 
ratio.  Tho  weighting  fuss 11 on  u.ied  aa  an  aaanpla  for  aodlfylng  tho  antlro 
f.pootna  to  tho  slagl*  tuu*d  bandpass  function,  v&rloua  bandwidth#  ha  tog 
appllod.asd  phass  eonponsatlon  bointf  assuawd.  Otbor  functions  can  bo 
muu  mmr  on  pre: crania  although  dlffaranoaa  should  bo  wall  fei 
aonotonie  funoti-rna .  - 

Fig.  6  shows  tho  92tl  oeaproailos  ratio  anplltuds  spootrun  and  the 
bandpass  wolghting  funotlona  which  have  bean  eppliad  tc  it.  For  purposes 


ISchreitasonlle?,  ft,F,,  ’Thaory  of  Matchad-Filtar  ?ulsa  Ccaprossion*, 
prasantad  at  RASC  Pulsa  Compression  Symposium,  June  26,  1957. 
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of  <fblutilaiiaa  tlw  mtupNI  tpsatna  it  <sut  off  when  the  amplitude  In 
20  db  down  from  tbs  average  mid  tend  It 7*1.  Ue  define  tha  shaping  ratio 
of  the  shaping  filter  na  tils  bandwidth  at  its  3  db  points  dividsd  by 
to*  fraquancy  davlatlon  of  the  unooaprasaad  pulse.  Pig,  7  llluutrataa 
the  affect  >f  this  type  of  apectrua  weighting  er>  thb  oempreeaed  pulse 
shr-».  Tha  trade-off  of  resolution  r* .  rasidus  reduction  ie  olaarly 
Illustrated.  Pop  will  ratio#  of  shaping  bandwidth  to  apaetrm  band- 
width  th*  fwlna  ehnpe  tends  to  beeoae  very  uasatiaf*ctt.ry,  Our  defiui- 
tie*  f?  eiftnal-te^rsBidue  ratio  is  the  ratio  sf  peak  signal  amplitude  to 
the  first  pelatlre  rnsrimss  felloving  the  fiyet  relative  minimum. 

This  definition  la  open  to  question  If  oca  baa  a  earn*  such  as  shown 
for  c  bandiiA* nl n»  niin  «f  n  on  vw,  +u»  * *  «•  *  »;*  ~ ^ 

amplitude  before  a  residua  b-u Ida  up,  Tba  first  relative  minimi  could 
ba  taVen  an  a  reference  for  calculating  r«siduf>s  which  would  yield  a 
bettor  aigr<al*to-r«sidu9  ratio  for  the  rery  low  tn u, ^shaping  ratio.  Tha 
given  definition  has  bean  ohoaan  since  w»  ara  interested  in  tha  maximum 
interference  with  another  l-f  signal,  Pig.  8  plots  tha  stgnal-to-raaidua 
ratio  ru,-  this  n*««»  weiring  use  of  the  definition  g.':vcn  . above.  Fo,  a  Wnu- 
ahapleg  ratio  of  0,5  the  signal-to-reeddue  ratio  i *  <Jb  and  tha  resolu¬ 
tion  loss  Is  approximately  10  par  cent  osar  tha  linear  time  delay  cob- 
preened  puls*  which  produces  the  (si  a  x)/x  pulaa  shape.  Pig.  9  plots 
increase  la  pulaa  width  vs,  tha  shaping  ratio.  Pig,  10  plots  the  increase 
in  signal-to-nolse  ratio  obtained  when  tha  band  shaping  function  ia  this 
example  i.e  used  (linear  spectrum  phase  1  a  assumed),  This  increase  can  be 
attributed  to  the  feot  that  the  pulse  coi'pression  filter  originally 
specified  le  'matched*  only  as  far  as  phatio  characteristic  ia  concerned 

and  net  Jn  the  North  matched  filter  sense, 
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A.  c'VSftfiiAt  different"  to  residue  /eductions  1a  ih*  concept  of 

•j  *•' 

silactira  attenuation  of  caii-tain.  portit-M.of  -‘.the  aap^Hud*  apeetiuBi.  An 
exaaple  of.i;tbi«  it  given  in  Fig.  ii,  ,  Ihe  dashed  lias  reprecant*  the 
modification  to  tha  apactnra  c*u»ad  oj  inaerti’hg  narrow  bud  filter*  at 
tba  band  adfsa.  The  baaic  Ida*  bahind  this  Ip  that  oartain  portion*  of 
tha  apactrtsa  contribute  asr*  to  balding  up  raaidua  signal*  than  to 
ilignal  reaolution.  Tha  pula*  ahapa  associated  with  thin  fora  of  apaotrua 
•haping  la  ahevn  in  Fig.  1*.  The  u.iuuai  «lt«  uaifwraiy  below  20  db.  tha 
fiiat  raaidua  being  1/  •*».•  t*iv.  the  ps**  f,  Mia  deairad  portion  of  the 
aigoilf  Tliara  is  not  usably  laae  loss  in  resolution  for  th.ii  raaidua 

i 

laval  than  f tha  basdahapiaj  liladuaed  pravioualy. 

Coabi  nation  a  of  select* v*  attaiiUatiuo  and  ainar  weighting  fvnotlona 
•ay  pruduo#  i»pr oved  reau/lta  and  era  being  avudiac. 

COUCLUpIOM  . 

Tha  type  of  apacvjss  aaaooiatad  witr.  a  linear  FH  pulaa  odapraejiion 
iaadn  to  oartain  pulaa  ahapa  prcblaam  that  a a  a  undMlrebl*  In  a  radar 
application.  Those  j»*V  ha  attacked  in  *  u<j*Lat  «if  way*,  u  haa  baan 
Outlined ,  and  tha  ganarni  urea  of  laaulta  haa  boao  mil ca tad.  Tha 
particular  utility  or  any  bathed  of  pulnr  an&pa  i»pr/fva»aBt  will  depend 
ao»avha.t  on  factor#  that  ar«  datanBinfld  bv  Uciioal  r.onal derations* 
Further  itudy  in  this  area  la  being  puriued  bj  Sparry  and.  undoubtedly, 
others  in  tha  field  tc  achieve  optima  utilization  of  tha  linear  PM  type 
of  pulaa  cospraaaion ,  =. 
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FIG  2  PULSE  COMPRESSION  SPECTRA 
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FIG  7  EFFECT  OF  BANDSHAPING  ON  THE  COMPRESSED 
PULSE  SHAPE  52.1  COMPRESSION  RAT’O 
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